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#',"($A3 in SNe

• MNA3 (Vacuum)
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I-6*

• I-6* (Collective oscillation)
– � #�!�,0�=%&<���B��K>/6*)9�
– C78'E������)9�F@���
– DH34����6*�;
���L$124�5G	���M

r

Neutrino�sphere

R� �

interaction ν

νPNS

6

+.���������"���!���
���)9�;�(��

���A:����"���?J�	�	
���



Matter effect vs. self-interaction
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(Esteban-Pretel+ 2008, Chakraborty+ 2011)

• qDT= (Collective oscillation)
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Matter effect vs. self-interaction
• m@N9 (Collective oscillation)
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– UeN9��6�<�	ja��
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Single-angle scheme
Multi-angle scheme

�$��Gl�O4d[�_%
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(Sigl+ 1993, Duan+ 2006, Dasgupta+ 2008)

Multi-Azimuthal-angle instability
Temporal instability
Fast flavor conversion

HZK&X#.EFK	Rh\AcS
� "b��"���#�Hot topic.
��O4d[���:���

(Raffelt+ 2013, Dasgupta+ 2015, Sawyer 2016)
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MAA instability

large, the unstable region shifts to larger !-values [17]
as shown in Fig. 1 for all three cases. We have used
blackbody-like zenith distribution (uniform on 0!u!1)
where q bimodal ¼ 1=2þ 1=

ffiffiffi
3

p
$ 1:077, qMZA¼1=2%

1=
ffiffiffi
3

p
$%0:077 and qMAA ¼ %1=2. On the horizontal

axis in Fig. 1, we use !j as a variable, so the physical !
range is very different for the 3 cases.

Numerically it appears that for large !", the instability
occurs for #j!& !", where #j is a coefficient different for
each case. It also appears that for the bimodal and MZA
cases, actually #j & jq jj and we roughly have !"& j!jj.
Note that !" ¼ $!þ "& jqMZAj! ¼ 0:077!, so that, for
reasonable values of $, the matter density " would have to
be negative—the MZA instability is self-suppressed by the
unavoidable effect of neutrinos themselves, and plays no
role in a realistic SN situation. On the other hand, we find
the new MAA instability the least sensitive to matter
effects, as the instability region shifts only for much larger
interaction strength (#MAA & 6jqMAAj).

Schematic SN example.—During the SN accretion
phase, the matter effect can be so large as to suppress
collective flavor conversions [18,33,34]. In Fig. 2 we
juxtapose the instability regions for the IH bimodal and
the new NH MAA instabilities for a simplified SN model.
We use single energy and blackbody-like emission at the
neutrino sphere, ignoring the halo flux [35]. We choose
physical parameters R, !ðRÞ, and $ that mimic the more
realistic 15M) accretion-phase model used in our previous
study [18,35]. We show the region where %r > 1, i.e.,
where the growth rate is deemed ‘‘dangerous.’’ We also
show "ðrÞ, where the shock wave is seen at 70 km.

The matter profile never intersects the bimodal instabil-
ity region; i.e., this instability is suppressed everywhere in
this specific SN example. On the other hand, "ðrÞ intersects
the MAA instability region just outside the shock wave.
This simplified case illustrates that the MAA instability
can arise in SN models where the bimodal instability is
suppressed. It also shows that the ‘‘danger spots’’ are in

very different places, although it remains to be seen if this
finding is generic.
Conclusions.—All previous studies of self-induced

neutrino conversion in SNe or the early universe were based
on the false premise that solutions of the equations of motion
would inherit the symmetries of the initial or boundary
conditions. We have shown that azimuth-angle instabilities
are a generic phenomenon of collective neutrino oscillations.
Every single case in the previous literature with enforced
axial symmetry may have missed the dominant effect.
We have linearized the equations of motion around the

initial state of neutrinos in flavor eigenstates. The system
then shows either the bimodal or the MAA instability, but
not both. (For more complicated spectra that would lead to
multiple spectral splits [14], the bimodal instability occurs
for positive spectral crossings, the MAA instability for
negative ones.) However, evolved bimodal solutions,
where the off diagonal % entries are not small, may still
become ’-unstable, and the other way round.
Both instabilities can be suppressed by matter, but the

required density is larger for MAA. Therefore, it is not
necessarily clear if collective flavor conversions are ge-
nerically suppressed during the SN accretion phase, an
important question for possible neutrino mass hierarchy
determination [5]. For those cases where suppression is not
effective, dedicated numerical studies are needed.
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FIG. 2 (color online). Region where %r > 1 for IH (blue) and
NH (red), depending on radius r and multiangle matter potential
" for our simplified SN model. Thick black line: SN density
profile. Thin dashed lines: Contours of constant electron density,
where Ye is the electron abundance per baryon. (The IH case
corresponds to Fig. 4 of Ref. [18], except for the simplified
spectrum used here.)
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FIG. 1 (color online). Growth rate % for blackbody-like zenith
distribution, single energy *!0, and $ ¼ 1=2. Black line: All
cases for !" ¼ "þ $! ¼ 0 (no matter effect). Other lines:
Indicated unstable cases for !" ¼ 300j!0j.
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by the MAA instability in case A is consistent with what
was presented in [34], where an ordered behavior in the
final ν spectra under MAA effects was found for large
flavor asymmetries (ε≳ 1). Moreover, the symmetry
between the effects of the bimodal instability in IH and
the MAA one in NH has been recently pointed out with a
simple toy model in [32].
Finally, in Fig. 5, we show the initial (dashed curves) and

final fluxes (continuous curves) for e (black curves) and x
(light curves) flavors and for neutrinos (left panels) and
antineutrinos (right panels). We consider both MZA and
MAA effects. The upper panels show the NH, while the
lower panels refer to IH. We realize that the final spectra are
remarkably similar in both hierarchies. In particular,
neutrino spectra present a split at E ≃ 12 MeV. The split
is sharper in IH where it is driven by the bimodal instability.
The ν̄ spectra are swapped with respect to the initial ones.
In particular, as expected from the swap function of Fig. 3,
the swap is more complete in IH, where deviations from a
complete swap are confined to low energies (E ≲ 2 MeV).

C. Case C

The gω spectrum for case C (Fig. 1 lower panel) has been
widely studied in the axial symmetric case as representative
of energy spectra with a flux ordering Nνx ≳ Nνe ≳ N ν̄e and

energy spectra with multiple crossing points leading to
multiple splits around these points (see, e.g., [22–26]).
Remarkably, with spectra of type C, one expects both the
hierarchies to be unstable under MAA and bimodal effects,
since spectra present both positive (unstable in NH for
MAA effects and in IH for the bimodal ones) and negative
(unstable in IH for MAA effects and in NH for the bimodal
ones) crossings. In Fig. 6, we show the radial evolution of
the function κobtained solving Eqs. (6) and (7). The left
panels refer to NH, while the right ones to IH. Different
from case A, these two equations will have simultaneous
solutions in both hierarchies. Therefore, in the upper
panels, we show the solutions of Eq. (6) (bimodal insta-
bility), while in lower panels, we refer to Eq. (7) (MAA
instability). As in Fig. 3, continuous curves refer to MZA,
while dashed ones are for SZA.We remark that Eq. (6) have
a couple of solutions ðγ;κÞ corresponding to positive and
negative γ, respectively (see, e.g., [35]). However, in the
following, we will show only the case with the larger κ.
Starting from the NH case, we see that in the SZA situation,
both bimodal and MAA effects produce a sharp rise in κ
around r≃ 40 km. Therefore, low-radii conversions would
be possible in these cases. Since both instabilities are
comparable (peak value of κ≃ 1.2), one expects that both
would equally contribute to the further flavor evolution.
Passing now to the MZA case, as expected from [35], the

FIG. 5 (color online). Case A. MZA and MAA flavor evolution for ν’s (left panel) and ν̄’s (right panel) in NH (upper panels) and IH
(lower panels). Energy spectra initially for νe (black dashed curves) and νx (light dashed curves) and after collective oscillations for νe
(black continuous curves) and νx (light continuous curves).
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– Sumiyoshi et al. 2007, 2008
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Deep Underground Neutrino Experiment
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40Ar + ⌫e !40 K⇤ + e�
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