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In very dense environments, neutrinos can undergo fast flavor conversions on scales as short as a few
centimeters provided that the angular distribution of the neutrino lepton number crosses zero. This work
presents the first attempt to establish whether the non-negligible abundance of muons and their interactions
with neutrinos in the core of supernovae can affect the occurrence of such crossings. For this purpose we
employ state-of-the-art one-dimensional core-collapse supernova simulations, considering models that
include muon-neutrino interactions as well as models without these reactions. Although a consistent
treatment of muons in the equation of state and neutrino transport does not seem to modify significantly the
conditions for the occurrence of fast modes, it allows for the existence of an interesting phenomenon,
namely fast instabilities in the μ − τ sector. We also show that crossings below the supernova shock are a
relatively generic feature of the one-dimensional simulations under investigation, which contrasts with the
previous reports in the literature. Our results highlight the importance of multidimensional simulations with
muon creation, where our results must be tested in the future.
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I. INTRODUCTION

At the end of their lives, massive stars (M ≳ 8 M⊙) may
undergo a violent explosion, labeled as core-collapse super-
nova (CCSN). During such an event, about 1053 ergs of
energy is released into neutrinos of all flavors, corresponding
to about 99% of the total released gravitational energy. Such
neutrinos are thought to be a crucial ingredient of the
astrophysical processes leading to the final explosion.
Indeed, neutrinos might deposit enough energy to revive
the shock, thus leading to the explosion.This is also knownas
the neutrino heatingmechanism [1–3]. Neutrino interactions
also affect the electron fraction Ye, which may indicate the
presence of favorable conditions for the nucleosynthesis of
heavy nuclei through r-processes, if its value is less than 0.5.
Consequently, SN neutrinos represent an invaluable source

of information of the processes occurring in the explod-
ing star.
Neutrinos can experience flavor conversions during their

propagation in the SN environment. In particular, in the
highest density SN regions the neutrino self-interaction
potential becomes large enough to induce the so-called
collective conversions [4–7], where neutrinos transform
their flavors in a coherent fashion, despite having different
oscillation frequencies in vacuum. Such phenomena have a
deeply nonlinear nature and currently are not completely
understood. This non linear evolution represents one of the
most important unsolved problems in neutrino physics to
date, since it impacts what we can learn from the next SN
neutrino burst.
Lately, a lot of attention has been devoted to the so-called

fast flavor conversions [8–25], which are triggered by a
crossing between the angular distributions of neutrinos and
antineutrinos, i.e., a crossing in the angular distribution of
the neutrino electron lepton number (ELN). In other words,
such crossings occur when there is an excess of neutrinos in
a given range of propagation directions, whereas antineu-
trinos dominate in another one. If such a condition is
satisfied just above the neutrino trapping region, fast
conversions will develop on timescales as short as a few
nanoseconds and might lead to a significant modification
of the flavor content of the neutrino fluxes. Recent
studies have looked for crossings in a plethora of 1D
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and multidimensional numerical simulations outputs
[26–30] and found them in the following regions: inside
the proto-neutron star (PNS) [28–30], in the neutrino
decoupling region [27] and in the preshock region [31].
Each of these zones rely on different microphysics for
crossing generations.
The previous findings are all based on simulations

adopting the standard assumption that the number densities
and energy spectra of νμ; ν̄μ; ντ; ν̄τ are equal. This is an
effective approach where only three different neutrino
species are simulated: νe, ν̄e and νx, where νx ¼ νμ ¼
ντ ¼ ν̄μ ¼ ν̄τ. This assumption may only be taken when a
negligible muon content is assumed in the core of a SN, i.e.,
if one does not consider charged-current interactions of
neutrinos with muons. However, deep inside the supernova
the electron chemical potential, the difference between the
chemical potentials of neutrons and protons, and the
temperature are of the order of several 10 MeV and higher.
Under these conditions charged-current interactions of
neutrinos with muons can happen [32–35]. When this is
taken into account, one finds that both νμ and ν̄μ production
are enhanced, especially for the latter. At such conditions,
with electrons being highly energetic, the formation of
muons becomes energetically favorable and negative
charge is shared between electrons and muons. Because
the muon lepton number is conserved and initially equal to
zero, this leads to an increased ν̄μ production. Furthermore,
the creation of μ− and μþ effectively softens the equation of
state of the matter inside the core by converting a fraction of
the thermal and degeneracy energy of electrons into rest-
mass energy of muons. This leads to an accelerated
shrinking of the PNS and therefore, to higher average
energies of electron neutrinos, with a consequent increase
of neutrino heating. The net result is a higher chance for a
successful explosion compared to the case without muon
creation [33,36].
The goal of our work is to assess the potential impact of

muons on the presence of crossings in the eμ, eτ, and μτ
sectors. More specifically, we use two sets of data:

(i) D1, provided by one-dimensional simulations dis-
cussed in Ref. [34] for a 18.6 and 20 M⊙ progenitors
(adopting the SFHo equation of state [37,38]), both
with and without muons.

(ii) D2, presented already in Ref. [39], it includes 11, 15,
and 25 M⊙ progenitors (adopting the LS220 equa-
tion of state), where muons were not included.

In these two data sets we look for the presence of ELN
crossings through the method proposed in Ref. [40], which
is based on the moments of the neutrino angular distribu-
tions. In D1 we find that ELN crossings are relatively
common in one-dimensional SN simulations and they
occur both below (post-shock region) and above (preshock
region) the SN shock. This happens regardless of the
inclusion of muons, though in their presence crossings
are more numerous, or equivalently easier to capture with

the moments. Furthermore, the inclusion of muons inter-
estingly allows for a number of ELN crossings in the μτ
sector, whereas none are otherwise expected. Adopting the
same method in D2 we do not find any crossing neither in
the preshock nor in the post-shock region (at least at low
radial distances). As we explain later in Sec. V, such a
discrepancy with the results of D1 might be due to non
equal theoretical inputs in the corresponding numerical
models.
In D2 the neutrino angular distributions are also avail-

able, so one can look directly at these for a crossing search.
Using this unique opportunity we confirm that crossings
occur both above and below the shock. Nevertheless some
differences remain with the results obtained with D1.
The structure of the paper is as follows. In Sec. II we

briefly describe the SN models adopted for D1 and D2. In
Sec. III we review the mathematical framework proposed in
Ref. [40] to assess the presence of crossings by just using
the moments of the neutrino angular distributions. Here we
highlight how this method is modified when including
muon effects in the supernova model. In Sec. IV we apply
the method previously described to both D1 and D2 and we
provide a list of original findings. In Sec. V we provide our
interpretation of the results obtained in D1, D2, from their
comparison and we finally draw our conclusions. When
appropriate, we also comment on the results obtained in a
similar analysis performed in Ref. [31].

II. SUPERNOVA MODELS

A. D1

This data contains simulations for two progenitor masses:
18.6 and 20 M⊙, already presented in Ref. [34].1 The
progenitor models are taken from [41] for the 18.6 M⊙ case
and from [42] for the 20 M⊙ one. The simulations are
performed in 1D with the PrometheusVertex code with
general-relativistic corrections [43] and six-species neutrino
transport, which is solved iteratively through two-moment
equations for neutrino energy and momentum, where a
Boltzmann closure [44] is adopted. The effect of redshift
and time dilation are also included in the transport. The
tangent-ray method assumes neutrinos to propagate along
straight paths instead of curved geodesics, since the effects of
ray bending are relatively small. We consider the following
set of neutrino reactions (see Appendix A of Ref. [45] for
more details): neutral-current and charged-current inter-
actions with nucleons including nucleon recoils and thermal
motions, nucleon-nucleon correlations, weak magnetism, a
reduced effective nucleon mass and quenching of the axial-
vector coupling at high densities; nucleon-nucleon

1This data is available upon request at https://wwwmpa.mpa-
garching.mpg.de/ccsnarchive/data/Bollig2016_angular_moments/,
where the angular moments can be extracted. Radial profiles are
available upon request at https://wwwmpa.mpa-garching.mpg.de/
ccsnarchive/data/Bollig2016_radial_profiles/.
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bremsstrahlung; νν scattering; and neutrino-antineutrino-
pair conversions between different flavors [46]. In neutrino
absorption on nucleons we also take into account the mean-
field corrections for the nucleons consistently with the
equation of state. Electron capture and inelastic neutrino
scattering on nuclei are also included [47,48]. Furthermore,
we take into account scattering of all types of neutrinos (i.e.,
of neutrinos and antineutrinos of all flavors) with muons and
antimuons (see Table I of Ref. [33]). A mixing-length
approach is employed to simulate PNS convection [5].
Explosions are artificially triggered for the 18.6 M⊙ model,
a few 100 ms after bounce, as described in Ref. [5]. Shock
revival occurs and the explosion is artificially triggered in our
1D models when the density of the infalling stellar material
above the accretion shock is artificially reduced by a large
factor (typically 10 or more). In response to the correspond-
ing sudden decrease of the mass-accretion rate, the shock
starts expanding and neutrino heating deposits the energy for
an explosion that aborts further accretion and leaves a
neutrino-cooling neutron star behind. On the other hand
the 20 M⊙ model is not exploding. For all progenitor masses
simulations are performed with the SFHo [38] equation of
state. This equation of state is fully compatible with all
current constraints from nuclear theory and experiment [49–
51] and astrophysics, including pulsar mass measurements
[52–54] and the radius constraints deduced from gravita-
tional-wave and Neutron Star Interior Composition Explorer
measurements [55–57]. To provide a better comparison with
D2 (see next subsection) the simulation of the 18.6 M⊙
model is performed also with the LS220 [58] equation
of state.

B. D2

This data contains models for three progenitor masses of
11.2, 15 and 25 M⊙.

2 The progenitor models are taken
from [59] for the 15 M⊙ case and from [41] for all other
cases. The nuclear equation of state is LS220 from [58]
with compressibility modulus K ¼ 220 MeV [60]. The
simulations were performed with the 1D version of the
same (Prometheus-Vertex) code employed for D1.
Therefore the method for solving the hydrodynamical
evolution and neutrino transport is the same as for model
set D1, as well as the set of neutrino interactions accounted
for.3 The main differences with D1 are the following:
here only three-neutrino species are considered (νe; ν̄e
and νx) and neither muon physics nor proto-NS convec-
tion are included. Moreover, no artificial explosion is
triggered.

III. ANALYSIS METHOD

Under the assumption of νx ¼ ν̄x and azimuthal sym-
metry in the neutrino gas,and working with natural units
ℏ ¼ c ¼ 1, an ELN crossing occurs when

GeðγÞ ¼
ffiffiffi
2

p
GF

Z
∞

0

dEE2

2π2
½fνeðE; γÞ − fν̄eðE; γÞ�; ð1Þ

changes its sign at a given γ0. Here, γ ¼ cos θ with θ being
the neutrino propagation angle with respect to the radial
direction and fνα is the neutrino occupation number for a
given flavor α. The quantity Ge physically represents the
angular distribution of the ELN. However, the inclusion of
muon physics inevitably introduces a non-negligible differ-
ence between νμ and ν̄μ. In this case, the relevant quantities
to be taken into account are [22]

GeμðγÞ ¼ GeðγÞ − GμðγÞ; ð2Þ

GeτðγÞ ¼ GeðγÞ − GτðγÞ; ð3Þ

GμτðγÞ ¼ GμðγÞ − GτðγÞ; ð4Þ

where Gμ and Gτ are defined equivalently to Ge in Eq. (1),
but for νμ and ντ, respectively. Analogously to Ge, Gαβ

represents the angular distribution of the difference
between the lepton numbers for flavor α and β.
Considering that in general fνμ < fν̄μ , some differences
with the standard calculations in the absence of muons
should be expected. Nevertheless, whether the quantities in
Eqs. (2)–(4) can change sign has never been studied so far,
mainly because the differences between νμ and ν̄μ are
usually thought to be not comparable to those between νe
and ν̄e. Moreover, until very recently no CCSN simulations
has included muons in the equation of state and neutrino
transport. The first two-dimensional simulations in this
direction have been presented in Ref. [33].
Usually, multidimensional simulations of CCSNe do not

provide full angular information of GαβðγÞ, since the
equations for neutrino transport are solved for a number
of the moments of GαβðγÞ, which are defined as

Iαβn ¼
Z

1

−1
dγγnGαβðγÞ: ð5Þ

In Ref. [40], a simple method was proposed to assess the
presence of crossings in the angular distribution of GαβðθÞ.
This method attempts to find a positive function F ðγÞ > 0,
such that the quantity

IαβF ¼
Z

1

−1
dγF ðγÞGαβðγÞ ð6Þ

satisfies the following relation

2This data is publicly available at https://wwwmpa.mpa-
garching.mpg.de/ccsnarchive/data/Tamborra2017/.

3In the charged-current neutrino-nucleon interactions, the
simulations in D2 did not yet consider the nucleon mean-field
potentials.
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IαβF Iαβ0 < 0: ð7Þ

If such a function exists, then GαβðγÞ is assumed to have a

crossing. In order to write IαβF in terms of the available

moments Iαβn , defined in Eq. (5), we choose F ðγÞ to be a
polynomial of γ

F ðγÞ ¼
XN

n¼0

anγn; ð8Þ

where N is the highest moment available from numerical
simulations and ai’s are an arbitrary set of coefficients for
which F ðγÞ > 0. According to this choice, IαβF becomes

IαβF ¼ a0I
αβ
0 þ a1I

αβ
1 þ a2I

αβ
2 þ � � � þ aNI

αβ
N : ð9Þ

Note that in supernova simulations the (infinite) system of
moment equations of the Boltzmann transport equation
(obtained as angular integrals of different orders) is often
cut at the level of the neutrino momentum (first-order

moment) equation through the assumed algebraic closure
relations.4 In general we have N ≤ 3. The results reported
herein refer to N ¼ 2, i.e., using quadratic polynomials for
F ðγÞ. We believe the results with N ¼ 3 are less reliable,
since the third order moment is the most severely affected
by the ad hoc prescriptions of closure relations. In principle
one can even use only linear polynomials. However, in this
case a significant amount of information is lost and,
consequently, not many crossings can be found. For the
sake of completeness, we show in the Appendixes A and B
a direct comparison between the performance of our
method with different orders for the polynomials.

FIG. 1. Crossing points found in D1 with the method proposed in Ref. [40], as a function of time and radial distance. The red, blue,
green, and orange dots refer to crossings for Geμ; Geτ; Gμτ, and Ge, respectively. In order to have a clearer separation between different
dots, they are slightly shifted horizontally from their correspondent post bounce time. The black line indicates the evolution of the SN
shock in time and space.

4We point out that this does not apply to the VERTEX code used
in computing the supernova models analysed in the present paper.
VERTEX solves the first and second-order moment equations
iteratively for convergence with a model Boltzmann equation. It
thus obtains angular distribution functions as well as representa-
tions of the angular moments of second order and higher as
solutions of the Boltzmann equation. Therefore VERTEX does not
employ any ad hoc assumptions for the closure relations.
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IV. ANALYSIS RESULTS

Apart from observing crossings in the μ − τ sectors, we
find a number of crossings below the SN shock in the
region close to the shock front. This is indicated in Fig. 1,
where with colored dots the post bounce times (x-axis) and
radial distances from the center of the SN (y-axis) are
shown for which we find crossings in D1, assuming F ðγÞ
to be a quadratic polynomial. The top (bottom) row refers
to the 20 (18.6)M⊙ model. The left (right) column refers to
the case with (without) muons. The red, blue, green and
orange dots refer to crossings for Geμ; Geτ, Gμτ, and Ge,
respectively. Note that, in order to have a clearer separation
between different dots, the red, green, and orange ones are
slightly shifted horizontally from their correspondent post
bounce time. The black line indicates the evolution of the
shock in time and space. Obviously, the 20 M⊙ model is
not exploding, whereas the 18.6 M⊙ case is exploding,
where the explosion was triggered artificially around
tpb ≈ 0.26 s. All times in our model analysis are given
as post-bounce times, tpb, i.e., as times after core bounce,
because the core bounce effectively coincides with the time

when the supernova shock is launched. The start of the
explosion (when present) is, of course, not the time when
the shock wave is produced, but the time when the stalled
shock wave is revived.
A few remarks are in order. The radial distance on the y-

axis is limited to [50, 200] km because below this range no
crossings are found, whereas above it they are ubiquitous.
Moreover, since the spatial grid changes as a function of
time, the upper dots in each time snapshot might not be
horizontally aligned, but this does not mean that crossings
do not occur above 200 km for some snapshots.
Figure 2 is equivalent to Fig. 1, but it refers to the (not

exploding) 11, 15, and 25 M⊙ models of D2, which do not
include muons. Note that only three time snapshots are
available in the public version of the data. The crossings
shown in Fig. 2 are observed only by directly looking at the
angular distributions, such as those displayed in Fig. 4. No
crossings are found with quadratic polynomials within the
radial distance range used in the plots. As shown in the
Appendix B (see Fig. 7), only cubic polynomials allow
crossings to be found at r < 200 km, but none below
the shock.

FIG. 2. Same as Fig. 1 but for the crossings in the 15 M⊙ of D2. Note that the crossings can be captured here by looking directly at the
ELN angular distribution (labeled as “with GeðγÞ”). With the moments method crossings are found only with cubic polynomials for the
radial distance range considered in the plots. These are not reported here, since we are only showing results connected to quadratic
polynomials.
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Figure 3 displays the shape ofF ðγÞ that allows to capture
the crossings in D1. Since for each crossing there might be
multiple allowed combinations of the polynomial coeffi-
cients, the shape is presented by filling the area between the
lowest and highest values of F . In all cases the functional
form is assumed to be a quadratic polynomial. For the sake of
brevity, this figure only contains information regarding the
20 M⊙ model with muons of D1 at tpb ¼ 0.25 s (top panels)
and tpb ¼ 0.30 s (bottom panels). For each time snapshot we
plot the shape of F ðγÞ for three radial distances. The same
shape of FðγÞ is obtained in the eτ and μτ sectors and for all
other time snapshots, radial distances and models. More
specifically we find that the function is always vanishing at
γ → 1 and it reaches its maximum at γ → −1.
Figure 4 displays the shape of the angular distribution

uniquely provided by D2. We have selected only three
radial distances where crossings are present in the 15 M⊙
model at 0.15 s.
The most important original findings stemming from

Figs. 1–4 are
(1) Starting from tpb ≃ 0.08 s, there are crossings occur-

ring below the SN shock in D1.

(2) At fixed post bounce time, above the SN shock
location there is usually a gap in terms of radial
distance, where no crossing is found. The width of
such a gap is time dependent and it nearly disappears
when the explosion sets in the 18.6 M⊙ model of
D1. The gap is absent when finding crossings using
directly the angular distributions.

(3) There exist post bounce times and radial distances
for which only crossings in the μ − τ sector are
present. This is the first time this possibility is
demonstrated in a supernova simulation. By con-
struction, such crossings cannot exist without con-
sidering muons, as usually done in the literature,
since in this case GμðγÞ ¼ GτðγÞ.

(4) There is a hint that all the captured crossings are in
the backward direction. This stems from the fact that
F ðγÞ is maximal at γ ¼ −1 and vanishing at
γ ¼ þ1. Such a result is in agreement with what
was found in [31]. The maximal value stays nearly
constant when changing the radial distance. How-
ever, for some time snapshots we observe a sudden
increase by a few orders of magnitude.

FIG. 3. Shape of F eμðγÞ for which crossings are found at tpb ¼ 0.25 s (top panels) and tpb ¼ 0.3 s (bottom panels) for three different
radial distances. Here we have considered the 20 M⊙ model with muons of D1. F ðγÞ is assumed to be a quadratic polynomial.
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(5) A larger number of crossings are present in the eμ
and eτ sectors in the presence of muons (left panels
of Fig. 1). Crossings below the SN shock do not
disappear in the absence of muons in the same
model.

(6) We find crossings in D2, whereas none were
reported in Ref. [39], where the same data has been
analyzed. Indeed the focus of that work was to look
for deep crossings in the forward directions. How-
ever, such crossings are found only by looking
directly at the angular distributions and not through
the moments method, unless cubic polynomials are
employed. This is in contrast with D1, where
quadratic polynomials are enough.

(7) The angular distributions in Fig. 4 suggest that, if
present, crossings come at least in pairs and that the
region in γ where Ge becomes negative gets larger
with radial distance.

A more detailed explanation is in order concerning why
we believe the crossings are in the backward direction. This
consideration stems from Fig. 3, since the shape of F ðγÞ
may provide some hints concerning the shape of GαβðγÞ,
even if one has no direct access to it. In our case F ðγÞ is
monotonically decreasing from its maximum value at γ ¼
−1 to 0 at γ ¼ þ1. In order to satisfy Eq. (7), F ðγÞ must
suppress Gαβ for those values of γ where it is the largest,
i.e., where the largest contribution to the moment integral
Iαβ0 (and to its sign) is coming from. Conversely, F ðγÞmust
enhance Gαβ where it assumes the smallest values (and the

opposite sign). Indeed this is the only way to make IαβF and

Iαβ0 have opposite signs, thus satisfying the crossing
condition in Eq. (7). Consequently, given the shape of
F we expectGαβ to have a specific sign for a narrow region
close γ ¼ þ1 and the opposite one for a large range of γ
extending from γ ¼ −1 to (probably) some γ > 0. This
mean thatGαβ changes sign when passing from the forward

to the backward direction. There are two possibilities: Gαβ

is large and positive in the forward direction and small and
negative in the backward direction, or vice versa. Such
degeneracy can be solved by considering that supernova
neutrinos have a larger flux compared to the antineutrinos
and that all the crossings are in the free-streaming regime,
where the angular distributions are forward peaked.

V. INTERPRETATION OF THE RESULTS

In this section our goal is to provide tentative explan-
ations for the results listed above. We emphasize that, given
a set of moments of the neutrino angular distributions, our
analysis method can only establish whether a crossing is
present or not at a given point in space and time. On the
other hand, the underlying physics of crossings can only be
tentatively inferred on grounds of plausibility. For instance,
this can be done by taking into account the shape ofF ðγÞ or
well-understood facts and conditions of the physics of
supernovae.5 Therefore, the explanations we propose must
be considered only as suggestions, since we do not have
any final confirmation from a rigorous analysis, which is
beyond the scope of our work.
Until now, no crossings have ever been reported in the

post-shock region of one-dimensional CCSN simulations
[31,39], though muons have never been taken into account.
In particular in Ref. [39] no crossings were reported,

FIG. 4. Angular distributions of ELN taken from the publicly available D2. In particular, these three panels represent three radial
distances where crossings are found in the 15 M⊙ model at 0.15 s.

5Since the VERTEX code provides angular neutrino distribu-
tions locally, an in-depth analysis of the neutrino phase space in
energy and angle would be possible in principle. However,
tracking down the physics reasons of detected crossings would
require to also inspect the energy-dependent effects of different
neutrino interactions in different stellar regions. The correspond-
ing post-processing of the simulation results requires a huge
effort and is beyond the scope of the present work, which is
supposed to diagnose the fundamental differences between
supernova conditions with and without the inclusion of muon
physics.
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whereas in Ref. [31] they were found only in the SN pre-
shock region, and associated with an enhanced coherent
scattering of the more energetic ν̄e on heavy nuclei. The
difference in scattering probability generates a backward
crossing. Our results, both with and without muons,
confirm the findings of Ref. [31]. Indeed, in Figs. 1 and
2, most of the crossings are in the pre-shock region.
Moreover we know from Fig. 3 that F ðγÞ has a peak at
γ ¼ −1, a feature most likely related to a backward
crossing.
There is one characteristic of the shape of F ðγÞ in Fig. 3

we are not able to fully explain. For tpb ¼ 0.3 s and a few
other time snapshots (not shown), there is a sudden and
significant enhancement of the maximal value of F ðγÞ
when increasing the radial distance. Conversely, for most
time snapshots the maximal value seems to be slowly
changing with the radial distance. The sudden enhancement
suggests that the features of GαβðγÞ might change signifi-
cantly when moving away from the core of the supernova.
Therefore, the mechanism generating the crossing might be
modified at specific locations of space and time, though the
backward nature (and possibly the connection with some
sort of scattering) stays unaffected. We are unable to
advance any hypothesis about what kind of mechanism
change is involved.
Our reanalysis of D2 [39] supports the presence of

backward crossings both below and above the shock. As
Fig. 4 shows, the sign of the ELN changes from positive to
negative when going from γ ¼ þ1 toward −1. However, an
extra crossing is present at lower values of γ. We are unable
to assess a possible origin of such a feature.
If one applies the shape of F ðγÞ displayed in Fig. 3 to a

Gαβ with the double crossing feature we just described,
most likely Eq. (7) would not be satisfied. Indeed, F ðγÞ
needs to be nearly vanishing at both γ ¼ �1, whereas in
Fig. 3 it happens only at γ ¼ þ1. Thus, we do not expect
angular distributions like those in Fig. 4 to be occurring in
D1. This might be related to different sets of theoretical
ingredients used in the SN simulations, as we discuss in
more details later in this section.
Another interesting observation is the presence of cross-

ings in the μ − τ sector, which can be explained as follows.
Both the number densities and the average energies of νμ
are smaller than those of ν̄μ, but the neutral-current cross
section for the former is larger assuming the same energy.
This is due to weak magnetism corrections [61] and this is
enough to compensate the not so large energy difference
between νμ and ν̄μ, which is usually not larger than
0.5 MeV, with ν̄μ being more energetic. This means that
ν̄μ should be dominating over νμ in the forward direction,
whereas the opposite is happening in the backward one. In
principle, the τ flavor can also play a role. But given the fact
that the number densities of ντ and ν̄τ are very similar, the
contribution from GτðγÞ should be negligible in Gμτ.

An intriguing aspect of our results is that some crossings
are found with the moments method in the post-shock
region of D1. None of these were found in Ref. [31],
whereas in D2 they can be highlighted only by looking
directly at the angular distributions and not by employing
the moments. This suggests that post-shock crossings may
indeed be present in all models, but they are more
pronounced and easier to find in D1. This aspect is not
related to the absence of muons in the previous works.
Indeed, in D1 we find crossings below the SN shock both in
the pre- and post-shock regions, regardless of the inclusion
of muons. The reason for this difference compared to the
previous studies might be related to non-equal set of
theoretical inputs in the numerical models. A first pos-
sibility is the different equation of state of the PNS. Indeed,
this has an influence on neutrino luminosities, neutrino-
sphere temperatures, mean neutrino energies and the PNS
radius. For instance D1 and D2 are obtained with the
following equation of states: SFHo for the former and
LS220 [58] for the latter. However, we have checked the
data from a version of D1 with LS220, with all the other
inputs unchanged, and found that the pattern of crossings
remains basically the same. This is shown in Fig. 5. A
second possibility might be connected to PNS convection,
which is included in all D1 models through a mixing-length
approximation, but not considered in D2. Convection has
the following consequences: it increases the PNS radius, it
increases the νe, νμ, and ντ luminosities but reduces the
electron ν̄e luminosity relative to νe [62,63]. It also changes
the νe and ν̄e spectra relative to each other. Another
possibility consists in different inputs in terms of micro-
physics. Indeed, the models in D1 and D2 use different
neutrino reactions than those employed in Ref. [31]. The
hypotheses listed before might represent also the reason
why D2 has double crossings and, consequently, a different
shape of F ðγÞ compared to the one seen in D1.

FIG. 5. Same as the lower right panel of Fig. 1, but for the
LS220 equation of state (which was also used in the D2 set of
models) instead of the SFHo.
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The last aspect worth mentioning is the presence of the
gap just above the SN shock, i.e., a range of radial distances
for which no crossings is found with the moments method.
Most likely here crossings are present, but they are harder
to find since inaccessible higher order moments are
required in order to capture them. Indeed, if we look
directly at angular distributions in D2 we find a continuous
set of crossings starting from a radial distance in the post-
shock region: the smaller the distance the narrower the
crossing. Another proof is that if we pass from cubic to
quadratic polynomials for Iα;βF most of the crossings
disappearing are those at the low radial distances above
the SN shock, as can be seen comparing the middle and
right panel of Fig. 6 in the Appendix A. Possible explan-
ations of why crossings are harder to find in the gaps are the
following. First, in the pre-shock region the fraction of
heavy nuclei is increasing with the distance and conse-
quently also the size of the crossings in the backward
directions does. This possible connection is physically
related to the fact that the temperatures in the pre-shock
flow at small radii become large enough to dissociate iron-
group nuclei to alpha particles, thus reducing coherent
scattering cross sections. We have directly verified in the
data that the fraction of heavy nuclei is slowly increasing
after the shock wave, though the rapidity of variation
depends on the time snapshot. Moreover, the gap width is
smaller in the 18.6 M⊙ model of D1 especially after the
explosion has set in. Under these circumstances, since the
SN shock propagate outwards, the temperature in the pre-
shock region is not high enough to produce a significant
dissociation of heavy nuclei.

VI. CONCLUSIONS

A full understanding of the outcome of neutrino flavor
conversions in CCSN is currently missing. Such an
achievement would represent a milestone in both particle
physics and astrophysics, since the next SN neutrino burst
can be correctly interpreted only when the flavor compo-
sition at the source is precisely reconstructed. A step toward
this ambitious goal consists in assessing whether the
condition for fast conversions, i.e., a crossing in the angular
distribution of the neutrino lepton number, is satisfied in
realistic SN models. In this paper we have considered state-
of-the-art one-dimensional CCSN simulations where
muons is taken into account. In this context, a full three-
flavor approach is mandatory, since νμ and ντ behave in
different ways. We have concluded that muons has only a
mild impact on the generation of crossings, though it seems
to make the crossings more pronounced.
We confirm that backward crossings are relatively

common above the SN shock, as first pointed out in
Ref. [31] and recently confirmed in the context of 3D
simulations [64]. However, we emphasize that they are also

most likely common in the post-shock region, too, but they
are not always observed due to their dependence on
different inputs used in CCSN simulations. In particular,
PNS convection is taken into account in D1 [5] but not in
D2 [39]. The consequences of PNS convection on the
neutrino emission properties might enhance the depth of
crossings, thus making them less difficult to be observed
with the moments method. Such a hypothesis needs to be
verified by a direct comparison of two simulations with and
without convection regarding the otherwise exactly same
model. However, some confidence on the validity of our
conclusion comes from the results of [64], which show
crossings below the shock in 3D simulations. But also in
this case, confirmation from other 3D models is required
for a conclusive assessment.
Another original outcome of our analysis is the obser-

vation of crossings in the μτ sector, whereas none have been
reported so far in other simulations because of their
equivalent treatment of neutrinos of the muon and tau
flavors. Intriguingly, there are locations in time and space
where such crossings are found, where none are observed
in the eμ and eτ sector. In analogy to all other crossings,
these are also in the backward direction and are related to
those neutrino interactions that can still occur in the free-
streaming regime.
We underline once more that the interpretation of our

results must be treated as only suggestive of the physics
connected to the observed crossings. Nevertheless, our
findings support the need for performing a similar analysis
in the context of other one-dimensional models, with
different sets of theoretical ingredients. Such a systematic
study can augment the understanding we tried to develop in
this paper. In the end, this will lead to an improved
understanding of the creation of angular crossings.
Moreover, our results require a conclusive confirmation
from multidimensional models with muons. Two-dimen-
sional ones have been already presented in Ref. [33] and the
results from first three-dimensional simulations including
muons have recently been published in Ref. [36].
Even if one assumes that the results obtained in the

present work hold in the multidimensional models, too, the
question of what is the impact of backward crossings
remains unanswered. The backward crossings found in this
study seem to exist only slightly below the SN shock.
Nevertheless, more crossings may be present even deeper
in the star, though they would be significantly more
shallow. Although the occurrence of this backward ELN
crossings can lead to fast instabilities with significant
growth rates, it is not yet clear whether they can lead to
significant flavor conversions. Indeed, these instabilities
mostly affect (in the linear regime) the backward traveling
neutrinos (see Fig. 7 in Ref. [64]), which are only a very
tiny fraction of the neutrino population. The ultimate
assessment must come through numerical simulations.
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One can perform simplified simulations of neutrino flavor
evolution, completely decoupled from the hydrodynamics
of the SN. On the other hand, a more reliable answer must
come from fully including flavor conversions in self-
consistent simulations of CCSNe, or treating them with
an effective approach in the same context, which is
computationally more affordable. We hope our work will
trigger future endeavors in this direction.
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APPENDIX A: COMPARISON OF RESULTS
WITH LINEAR AND CUBIC POLYNOMIALS

FOR FðγÞ
Figure 6 compares the pattern crossings obtained with

three types of polynomials: linear (left panel), quadratic
(central panel), and cubic (right panel). Here we just refer to
the model for a 20 M⊙ progenitor with muons in D1. In the
linear case, very few crossings are found. On the other
hand, using cubic polynomials does not change the con-
clusions listed in the main text, since the crossing distri-
bution is very similar to the one obtained with quadratic
polynomials. We consider the choice of a linear functional
form for FðγÞ as too pessimistic.

FIG. 6. Each panel has the same format as Fig. 1. The top left panel is obtained using linear polynomials for FðγÞ, the top right one
with quadratic polynomials (same as in the figures in the main text), the bottom one with cubic polynomials.
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APPENDIX B: ANALYSIS OF D2 WITH CUBIC
POLYNOMIALS

Figure 7 is equivalent to Fig. 2 in the main text, but it
displays also the crossing points we find assuming cubic
polynomials. We emphasize again that no crossings are
found in the radial range r < 200 km of D2 when using
quadratic polynomials.

Figure 8 shows an example of shape of F ðγÞ that allows
the crossings in Fig. 7 to be found. Such a shape is different
from the one obtained for D1 and shown in Fig. 3. Indeed,
in D2 F is vanishing at both γ ¼ �1, whereas in D1 this
happens only at γ þ 1. The shape is D2 seems to be
compatible with the double crossings observed in the
angular distributions shown in Fig. 4.

FIG. 7. Same as Fig. 2 but with the addition of crossings found with the moments method using cubic polynomials (yellow dots).

FIG. 8. Shape of F eμðγÞ for which crossings are found at tpb ¼ 0.28 s and r ¼ 136.3 km. Here we have considered the 15 M⊙ model
without muons of D2. F ðγÞ is assumed to be a cubic polynomial, because with a quadratic one no crossing are found.
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