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The modeling of fast flavor evolution of neutrinos in dense environments has been traditionally carried
out by relying on a two flavor approximation for simplicity. In addition, vacuum mixing has been deemed
negligible. For the first time, we highlight that the fast flavor evolution in three flavors is intrinsically
different from the one obtained in the two flavor approximation. This is due to the exponential growth of
flavor mixing in the e–μ and e–τ sectors generated by the vacuum term in the Hamiltonian. As a result,
substantially larger flavor mixing is found in three flavors. Our findings highlight that the two flavor
approximation is not justified for fast pairwise conversion, even if the angular distributions of nonelectron
type neutrinos are initially identical.
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I. INTRODUCTION

Flavor mixing is one of the least understood phenomena
affecting the physics of neutrino-dense astrophysical
sources, such as core-collapse supernovae and compact
binary mergers. The flavor evolution can be significantly
modified by the presence of a background medium, as first
proposed by Mikheev, Smirnov, and Wolfenstein [1–3]. In
addition, in neutrino-dense media, the forward scattering of
neutrinos off their surrounding neutrino ensemble can
crucially modify the flavor evolution in a nonlinear fashion
[4,5]. The flavor evolution induced by neutrino-neutrino
interactions is correlated and often referred to as collective
in nature. It is such that neutrinos of different energies
change their flavor coherently.
More recently, it has been pointed out that the pairwise

forward scattering of neutrinos of the form νeν̄e ↔ νxν̄x
(with x ¼ μ; τ) can trigger collective flavor conversions, if
the neutrino density is large enough [6–11]. A necessary,
although not sufficient, condition leading to the develop-
ment of flavor mixing is the occurrence of crossings in the
electron neutrino lepton number (ELN) [12]. The develop-
ment of fast pairwise conversions has been deemed to be
not linked to the vacuum frequency of neutrinos; hence,
pairwise conversion of neutrinos could occur even if the
atmospheric neutrino mass-squared difference Δm2 ¼ 0

and should be independent on the neutrino energy E.
However, it is shown in Ref. [13] that the vacuum
frequency Ω ¼ Δm2=2E ≠ 0 may strongly affect flavor
mixing in the nonlinear regime. Understanding the impli-
cations of fast pairwise conversion on the final flavor
outcome is of relevance because fast conversions could
have implications on the supernova explosion mechanism
and on the synthesis of the heavy elements [14–27].
In order to grasp the behavior of neutrino collective

oscillations, in analytical treatments and numerical simu-
lations, a two flavor ðνe; νxÞ approximation has been
classically adopted, as also considered above. This
assumption was justified by the fact that significant flavor
evolution of neutrinos is possible, if the neutrino self-
interaction potential μ ¼ ffiffiffi

2
p

GFnν (withGF being the Fermi
constant and nν the neutrino number density) is much larger
than the typical vacuum frequency Ω ¼ Δm2=2E; the
latter, in turn, is larger than the vacuum frequency due
to the solar mass difference ω ¼ δm2=2E [note that two
mass-squared differences differ by a factor Oð30Þ]. In
addition, due to the typical energies of these astrophysical
environments, the emission properties of νμ and ντ were
assumed to be identical [28–32]. As for slow neutrino self-
interaction (exhibited by systems that are stable in the limit
ω;Ω → 0), the effects of Ω and ω on the collective flavor
evolution could be factorized and the overall two flavor
approximation has been deemed to be predictive of the final
flavor outcome [33–38]. In the case of fast flavor con-
version, both vacuum frequencies have been neglected
under the assumption that flavor mixing would be com-
pletely driven by the (anti)neutrino number density.
The νμ;τ ¼ ν̄μ;τ assumption has been challenged by the

most recent supernova simulations allowing for muon
production [39], and crossings have been found in the
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nonelectron lepton number (nELN) distributions of neu-
trinos [26]. These developments have drawn attention on
possible three flavor effects linked to fast pairwise con-
version [40,41]. In particular, Ref. [42] has recently pointed
out that the existence of large nELN crossings can vastly
affect the flavor outcome.
In this work, we build on the findings of Ref. [13] and

expand on the ones of Refs. [40–42]. For the first time,
highlight the surprisingly strong dependence of the final
flavor outcome on Ω and ω in the nonlinear regime, even in
the absence of zero nELN crossings considered in
Ref. [42]; this may seem, at first, counterintuitive, since
ω ≪ Ω ≪ μ. Our work highlights the limits of the usually
adopted two flavor approximation and the strong depend-
ence on vacuum flavor mixing: the main qualitative differ-
ence between the three and two flavor cases arises because
the difference between νμ and ντ in the three flavor case
grows exponentially, even if they are assumed to be
identical or isotropic initially. This pins down the essence
of three flavor effects and was not appreciated in Refs. [40–
42]. In addition, the nontrivial angular distributions for the
nonelectron type neutrinos effectively change the lepton
number distribution and the onset of flavor mixing.
This paper is organized as follows. In Sec. II, we

introduce the equations of motion and formulate the
problem setup. In Sec. III, we compare the three flavor
outcome to the two flavor scenario for the case where the
nonelectron neutrinos are only created through flavor
mixing and for the scenario where crossings exist in the
initial electron and muon neutrino lepton number distribu-
tions; we also explore the dependence of the flavor
conversion physics on the neutrino mixing parameters.
In Sec. IV, the effect of collisions on the flavor mixing
phenomenology in three flavors is discussed. An outlook
on our findings and conclusions are reported in Sec. V. The
numerical convergence of the results presented in this work
is discussed in Appendix A, together with the employed
numerical techniques. The effect of the matter background
on flavor mixing is discussed in Appendix B.

II. EQUATIONS OF MOTION AND INITIAL
SYSTEM CONFIGURATION

The equations of motion are formally identical in two
and three flavor systems—apart from the degrees of free-
dom. For each momentum mode p⃗ and in the two flavor
approximation, the flavor state can be represented by a
2 × 2 density matrix for neutrinos ðρÞ and similarly for
antineutrinos ðρ̄Þ. In the three flavor case, the density
matrices are promoted to 3 × 3 matrices which evolve in
accordance to the following equations of motion in the
mean-field approximation,

i
d
dt
ρðp⃗Þ¼ ½Hðp⃗Þ;ρðp⃗Þ� and i

d
dt
ρ̄ðp⃗Þ¼ ½H̄ðp⃗Þ; ρ̄ðp⃗Þ�: ð1Þ

We only consider an homogeneous neutrino gas, hence the
total derivative with respect to time can be replaced by a
partial derivative. The Hamiltonian receives contributions
from the vacuum, matter, and the self-interaction terms:

H ¼ Hvac þHmat þHνν; ð2Þ

with

Hvac ¼
1

2E
UM2U†; ð3Þ

Hmat ¼ diagðλ; 0; 0Þ; ð4Þ

Hνν ¼ μ

Z
d3p⃗0½ρðp⃗0Þ − ρ̄ðp⃗0Þ�

�
1 −

p⃗ · p⃗0

jp⃗jjp⃗0j

�
: ð5Þ

The matrix M represents the diagonal mass matrix, while
Uðθ12; θ13; θ23; δÞ is the PMNS matrix in the standard
parametrization [43]. The matter potential is λ ¼ ffiffiffi

2
p

GFne,
where ne is the number density of electrons, and μ is the
effective strength of the neutrino self-interaction, which is
proportional to the neutrino number density. For antineu-
trinos, the Hamiltonian H̄ has the same form as H, with
Hvac being replaced by −H⋆

vac.
In the numerical simulations, we assume the mixing

parameters entering Hvac reported in Table I. In the
following, we intend to compare the three flavor outcome
with the two flavor one. To this purpose, we note that the
three flavor system reduces to the two flavor approximation
for θ12 ¼ 0, θ23 ¼ 0, and ω ¼ 0.
In the two flavor approximation, it is common to ignore

thematter effect and instead use a small mixing angle to take
into account matter suppression effects [44]. This, however,
has not been tested in the three flavor case in the context of
fast conversions; hence, our numerical simulations include
the matter potential and assume μ ¼ λ ¼ 105 km−1, unless
otherwise stated.
Apart from homogeneity, we also consider a system that

is axially symmetric and, for simplicity, assume that the
neutrino gas contains (anti)neutrinos with E ¼ 50 MeV to
mimic the neutrino average energies just before decoupling.

TABLE I. Default values of the vacuum mixing parameters
adopted in our numerical simulations as from Ref. [43] for
normal mass ordering.

Parameter Value

δm2 7.53 × 10−5 eV2

Δm2 2.45 × 10−3 eV2

θ12 33.65°
θ13 8.49°
θ23 47.58°
δ 0.0
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The neutrino momentum can thus be replaced by the cosine
of the polar angle, cos θ, and both the density matrices and
the Hamiltonian are independent of the spatial coordinates.
The fast flavor evolution depends on the angular dis-

tribution of (anti)neutrinos. At t ¼ 0

ρ0eeðcos θÞ ¼ 0.5 ð6aÞ

ρ̄0eeðcos θÞ ¼ 0.47þ 0.05 exp ½−ðcos θ − 1Þ2�; ð6bÞ

as displayed in Fig. 1.
For the nonelectron flavors, we consider two scenarios:

one with the angular distributions for nonelectron (anti)
neutrinos initially equal to zero (Case I) and one with the
nonelectron neutrino distributions different from zero
(Case II). Hence, for Case I:

ρ0μμðcos θÞ ¼ ρ̄0μμðcos θÞ ¼ 0 ð7aÞ

ρ0ττðcos θÞ ¼ ρ̄0ττðcos θÞ ¼ 0: ð7bÞ

For Case II:

ρ0μμðcos θÞ ¼ 0.1 ð8aÞ

ρ̄0μμðcos θÞ ¼ð0.1 − aÞ þ 2a exp ½−2ðcos θ − 1Þ2�; ð8bÞ

where the parameter a determines the magnitude of the
crossing in the muon type neutrinos and we assume
a ¼ 0; 10−3, and 10−2; see Fig. 1. In Case II, we assume
ρ0ττðcos θÞ ¼ ρ̄0ττðcos θÞ ¼ 0. For the interested reader,
details on the numerical solution of the neutrino equations

of motion and their convergence are provided in
Appendix A.

III. FLAVOR MIXING IN TWO VERSUS
THREE FLAVORS

In this section, we explore the flavor mixing in the two
and three flavor scenarios for Cases I and II. We also
discuss the effect of the vacuum mixing parameters on the
flavor conversion physics.

A. Case I: Nonelectron flavors are produced
through flavor mixing

We explore the difference between the two and three
flavor cases by assuming Eqs. (6a), (6b), (7a), and (7b) as
initial conditions. In order to allow for a fair comparison
between the two and three flavor cases, we introduce the
angle-averaged ratio between the initial and final content
of νe:

hP̃eei ¼
R
ρeeðcos θ; tÞd cos θR
ρ0eeðcos θÞd cos θ

; ð9Þ

this ratio coincides with the angle-averaged νe survival
probability, if ρ0μμðcos θÞ ¼ ρ0ττðcos θÞ.
Figure 2 shows the temporal evolution of the angle

averaged ratio between the initial and final content of νe in
the two (dashed blue line) and three (solid red line) flavor
cases. The left panels of Fig. 2 are obtained for our default
values of λ and μ ðλ ¼ μ ¼ 105 km−1Þ, while the right
panels assume μ ¼ 104 km−1 and λ unchanged. Both
numerical simulations clearly show an enhancement of
flavor conversions in the three flavor case as compared to
the two flavor case. In addition, the onset of flavor
conversion happens exactly at the same time in two and
three flavors cases. However, the flavor instability grows
faster for the larger value of μ; it could be naively expected
that this would lead to more flavor conversion, if not the
same, in the nonlinear regime. However, the opposite is
true, as shown in Fig. 2.
It is not clear from the time interval considered in our

simulations in Fig. 2 whether a steady-state configuration is
reached. In fact, as the time over which the simulation is run
increases, a larger number of angle bins is required,
restricting the time over which the simulations can be
performed. However, the main goal in this work is to gain
insight on the transition to the nonlinear phase in the two
and three flavor regimes.
The reason for the difference between two and three

flavor evolution can be understood by looking at the off-
diagonal elements of the density matrices. The inset on the
bottom of Fig. 2 shows the angle averaged evolution of the
absolute values of jρeμj and jρeτj. They are almost identical
in the linear regime where the growth of these quantities is
exponential. In the two flavor approximation, the growth

FIG. 1. Initial angular distributions of electron neutrinos and
antineutrinos. We assume an isotropic distribution for νe (black
solid line) and a forward peaked distribution for ν̄e (dashed green
line). For Case I, we set the distributions of nonelectron type
neutrinos to zero. For Case II, we use the angular distributions
shown using the dotted and dash-dotted lines for the muon flavors
with a ¼ 10−2, while the distributions of the tau flavors
remain zero.
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rate of the absolute value of the off-diagonal element is
the same as jρeμj and jρeτj in the linear regime, and
jρeμ − ρeτj ¼ 0. However, in three flavors, Fig. 2 shows
that jρeμ − ρeτj and jρμτj grow exponentially, breaking the
symmetry between νμ and ντ sectors. These findings
highlight that the fast flavor evolution is intrinsically
different in three flavors from the two flavor case. The
stark difference between the two flavor and three flavor
cases was not reported in Ref. [41] since it can be captured
by the linear stability analysis only on a subleading level
due to the growth of jρeμ − ρeτj, while it becomes very
evident in the nonlinear regime.
Our findings highlight that the fast flavor evolution of

two and three flavor systems can be significantly different
even in the case of trivial initial angular distributions for the
nonelectron type neutrinos, differently from what pointed
out in Ref. [42]. It should be noted that, although we have
solved the system of equations including the matter term,
our results are not sensitive to the exact value of the matter
potential, as shown in Appendix B.

1. Case I: Dependence of the flavor conversion physics on
the vacuum mixing parameters

The dramatic difference between the neutrino conversion
physics in two and three flavors naturally raises questions
on the sensitivity of the three flavor evolution to the specific
choice of the mixing parameters. To this purpose, in Fig. 3,
we explore the dependence of hP̃eei on θ12 (left) and θ23
(right). The temporal evolution of the three flavor system is
fairly independent on the vacuum mixing parameters.
However, minor quantitative differences due to the exact
value of θ12 are visible in the left panel of Fig. 3.
Irrespective of the value of θ12, rapid oscillations develop
over time and the survival probability reaches smaller
values than the one in the two flavor case shown in
Fig. 2. The dependence of hP̃eei on θ23 (right panel of
Fig. 3) is negligible, as expected [33,45].
We have also verified that our results are qualitatively

insensitive to all other vacuum mixing parameters, includ-
ing the CP-phase δ (results not shown here). The role of the
vacuum mixing angles is to provide seeds for the nonlinear

FIG. 2. Left: angle averaged ratio between the initial and final content of νe for Case I [see Eqs. (6a) and (6b)] as a function of time for
μ ¼ λ ¼ 105 km1 (blue dashed line for the two flavor approximation and red solid line for the three flavor case). In the inset on the
bottom, the temporal evolution of the absolute values of the angle averaged off-diagonal elements of 3 × 3 density matrix is shown.
Right: same as the left panels, but for μ ¼ 104 km−1. In both cases, the growth of jρeμ − ρeτj in three flavors is responsible for the
difference with respect to the two flavor case. The case with the smaller value of μ displays a growth rate for the off-diagonal elements
that is smaller as expected from the linear stability analysis; however, the total conversion rate is larger (note the different ranges on the
y-axis of the top panels).
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growth. The qualitative features of the system are, however,
independent on the seeds. In addition, these findings
confirm the high degree of numerical accuracy of our
calculations.

B. Case II: Crossings in the μ and τ sectors

As discussed in Refs. [26,42], nELN crossings can occur
in core-collapse supernovae and, in principle, can trigger
additional flavor mixing. We explore the impact of μ
neutrino lepton number crossings by setting up the system
with initial conditions defined by Eqs. (6a), (6b), (8a),
and (8b).
Figure 4 shows the angle averaged ratio between the

initial and final content of νe for a ¼ 0, 10−3, and 10−2 in
three (two) flavors on the left (right) panel. For small values
of a, we do not see any substantial difference with respect
to the a ¼ 0 case; however, for a ¼ 10−2, the symmetry
between nonelectron neutrinos and antineutrinos is suffi-
ciently broken. This leads to a disappearance of the

enhancement of the flavor mixing caused by three flavor
effects (see also Fig. 2 for comparison). Also in the
presence of nELN crossings, the two flavor case displays
a different flavor outcome than the three flavor one. The
scenario with large a ða ¼ 10−2Þ captures the kind of effect
also discussed in Ref. [42] due to different angular
distributions for the nonelectron type neutrinos, in spite
of the differences being much smaller in magnitude
compared to those considered in Ref. [42].
Our findings clearly show that nELN crossings, if much

smaller in magnitude than the ELN one, negligibly affect
the three flavor evolution. Due to the overwhelming excess
of electrons over muons in supernovae as well as neutron
star mergers, the difference between νμ and ν̄μ is bound to
be far less substantial than the one between νe and ν̄e
[26,39]; hence, one should realistically expect scenarios
similar to the ones discussed for small values of a.
It should be noted that the two flavor calculation in

Ref. [42] is performed by adopting an initial ensemble of νe
and ν̄e only, while the three flavor calculation includes

FIG. 3. Temporal evolution of hP̃eei for Case I for three different values of θ12 (left) and θ23 (right), respectively. A small quantitative
dependence of hP̃eei on θ12 is visible, although the qualitative behavior is unchanged. Absolutely no dependence on θ23 is evident
instead.

FIG. 4. Left: temporal evolution of hP̃eei for various values of the parameter a (see Eq. (8b). The high frequency modulations of hP̃eei
vanish as the magnitude of the nELN crossing exceeds a certain threshold (i.e., a grows) and the three-flavor enhancement of
conversions disappears. Right: the same as the left panel, but for the two flavor case. Also in the presence of nELN crossings, the two
flavor case displays a different flavor outcome than the three flavor one.
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nontrivial initial angular distributions for the nonelectron
flavors [46]. This approach is not consistent since it is
equivalent to consider the evolution of two systems with a
different number of particles at t ¼ 0. In addition, it
effectively changes the self-interaction potential strength
and obfuscates the effect caused by the three flavor
evolution due to the inherent differences determined by
the nontrivial initial angular distributions of the nonelectron
type neutrinos. In the light of these differences, a direct
comparison of our findings with the ones of Ref. [42] is not
possible.

IV. THE EFFECT OF COLLISIONS

The flavor evolution in the presence of matter is not only
affected by the matter effect, but also by collisions [47–49].
In particular, contrary to conventional wisdom, collisions
can lead to an enhancement of flavor conversions in certain
circumstances [47]. Following Ref. [47], we investigate
whether collisions lead to an enhancement of flavor
conversion in the three flavor framework.
We follow the same formalism as the one proposed in

Ref. [47] and modify Eq. (1) to include direction changing
collisions:

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�; ð10Þ

where we assume that Closs ¼ Cgain ¼ C̄loss ¼ C̄gain, imply-
ing particle number conservation as well as the same cross
section for neutrinos and antineutrinos. The inverse of the
mean free path of the neutrinos can be expressed in terms of
the collision terms by C ¼ 2Closs ¼ 2Cgain ¼ 1 km−1 (see
Appendix A for details on the numerical convergence).
As displayed in Fig. 5, obtained by relying on the initial

conditions of Case I, the inclusion of collisions leads to an
additional enhancement of flavor conversions on top of the
one due to three flavor effects. This confirms the findings of
Ref. [47] and it is due to the fact that collisions redistribute
the flavor content across angular bins creating more
favorable conditions for flavor mixing.

V. CONCLUSIONS AND OUTLOOK

The consequences on flavor mixing of fast pairwise
flavor conversion remain to be understood. In this paper,
we compare the flavor outcome within the usually adopted
two flavor approximation to the one resulting from the full
three flavor case.
The two flavor approximation leads to differences with

respect to the three flavor case already in the linear regime
and such differences become amplified in the nonlinear
regime. The exponential growth of jρeμ − ρeτj in three
flavors (which remains zero in the two flavor approxima-
tion by definition) leads to a symmetry breaking between
the νμ and ντ sectors that strongly affects the flavor
conversion physics in the nonlinear regime. This is a
crucial difference at the essence of fast flavor mixing
which was not pointed out in Refs. [42].
The most vital component that leads to the failure of the

two flavor approximation in fast flavor conversions is the
nearly identical growth rate of jρeμj and jρeτj; the latter is,
however, seeded by a slightly different initial perturbation
due to the vacuum Hamiltonian in three flavors.
Recent work has pointed out that the inclusion of muons

in hydrodynamical simulations can lead to differences
between the distributions of the nonelectron flavors and
induce crossings in the muon neutrino lepton number
distributions [26,39]. Although our findings are in quali-
tative agreement with the ones of Ref. [42], this work
shows that crossings in the angular distributions of non-
electron type neutrinos are not crucial to appreciate an
enhancement of flavor mixing in the full three flavor
scenario. Notably, we find more extreme effects for smaller
crossings in the nonelectron flavors [26,39] on the flavor
conversion probability, which have not been considered in
Ref. [42]. Finally, the enhancement of flavor mixing in
three flavors is further exacerbated by collisions.
In conclusions, it is vital to our understanding of the

neutrino flavor evolution in any astrophysical system to
include all three neutrino flavors. Our findings reinforce the
limitations of the linear stability analysis as the conditions
leading to the growth of flavor instabilities may seem
identical for some components of the density matrix in two

FIG. 5. Temporal evolution of hP̃eei for the two and three flavor
scenarios, with and without collisions. Collisions have the effect
of further enhancing flavor mixing in two and three flavors.
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and three flavor systems; however the flavor conversion
physics is inherently different in the nonlinear regime.
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APPENDIX A: NUMERICAL CONVERGENCE
OF THE RESULTS

The numerical results presented in this paper were
obtained by carrying out simulations obtained by discretiz-
ing over the angular bins and numerically evolving Eqs. (1)
for each angular bin. In order to do so, we rely on the Boost
implementation of the eighth order Runge-Kutta-Fehlberg
method with an adaptive step-size [50]. To avoid any
numerical error, we perform the numerical simulations with
extremely tight absolute and relative tolerances of 10−16

and 10−12, respectively.
In addition, we have ensured that the number of angular

bins is sufficient to reach convergence by solving Eqs. (1)
with a different number of angular bins. For all the
configurations considered in this paper, 5,000 angle bins
have been tested to be sufficient to achieve convergence
over the timescales of interest. An example is reported in
Fig. 6, where the temporal evolution of hP̃eei for Case I is
shown for three different for 2,500, 5,000, and 10,000
angular bins.

It should be noted that the number of angle bins required
to achieve numerical convergence depends on the timescale
over which the equations of motion are evolved. As t
increases, the angular distributions acquire structures
on smaller scale. Consequently, for a given system con-
figuration, the number of angular bins required for con-
vergence increases as the time over which the system is
evolved increases. This can be clearly seen in Fig. 6. The
numerical results for 2,500 and 5,000 angle bins are
identical up to ≃1.5 × 10−5 s, after which they start
deviating from each other. However, the employment of
5,000 angle bins guarantees convergence; in fact the
evolution of hP̃eei is identical to the one obtained by using
10,000 angular bins.
The inclusion of collisions smoothes out some of the

angular structure and the number of angle bins required for
a system with collisions is smaller than the one without
collisions, as discussed in Ref. [47]; in our case, 1,000
angular bins were enough to guarantee numerically con-
vergent results (related plots not shown here).

APPENDIX B: MATTER EFFECTS

In the two flavor approximation, the matter term has the
effect of reducing the effective mixing angle while keep-
ing the effective vacuum frequency unchanged [44]. It is
thus possible to take into account the effect of the matter
term by using a small effective mixing angle and keeping
the vacuum frequency unchanged. However, it is not
obvious whether this strategy can work in the three flavor
approximation. To this purpose we set the initial con-
ditions for the neutrino ensemble as in Case I and consider

FIG. 6. Temporal evolution of hP̃eei for Case I for 2,500, 5,000,
and 10,000 angle bins. hP̃eei does not depend on the number of
angular bins until t ¼ 1.5 × 10−5 s, after that the results for 2,500
and 5,000 angular bins slightly diverge from each other. How-
ever, a comparison between the results obtained by employing
5,000 and 10,000 angular bins shows that 5,000 angle bins are
sufficient to achieve convergence.

FIG. 7. Temporal evolution of hP̃eei in two and three flavors
with μ ¼ 105 km − 1 and λ ¼ μ and μ=100. The blue dashed line
shows the temporal evolution in the case of a matter potential that
is smaller than the one expected in astrophysical scenarios, while
the solid red line shows the flavor evolution for λ ¼ μ; the kind of
matter potential expected in a realistic astrophysical system. The
exact value of λ does not affect the final flavor outcome
drastically, but affects the onset of flavor conversions.
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two different values of the matter potential, λ ¼ μ and
μ=100.
Figure 7 shows the temporal evolution of hP̃eei

in two and three flavors for different values of λ. We

can see that, although the features on a small
timescale are affected by the matter term, the
trend is unaffected by the matter term on a larger
timescale.
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