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Figure 1: ve andve survival probability D, > 0).

1. Introduction

Supernova neutrino oscillations are a very useful toolwdysheutrino properties [1]. When
the neutrinos leave the neutrinosphere, they undergoamdiracuum and matter oscillations, but
if the neutrino density is very high, they can also feel tlwsim potential and they can oscillate
in a collective way. Collective oscillations can be veryfeliént from ordinary oscillations. Self-
interaction effects are important at a distance of few tdridglometers from the neutrinosphere,
where the self-interaction potentialis of the same order of the matter potenfiadr of the vacuum
neutrino frequency.

In this work we considered two families of neutrinp%, vy), and we used the single angle
approximation, without matter effects. The supernoval tatainosity in neutrinos was fixed, but



Self interactions of Supernova neutrinos Antonio Marrone

(1, 1) = (0.20,0.27,0.13)

10 F v ] F v 3
~ osf 1F 3
0.0 1 F .
102 10" 1 10 10? 102 10" 1 10 10°
E (MeV) E (MeV)
(1, 1) =(0.19,0.29,0.13)
10 F v _: F v _:
~ sk 1k 3
00 - ]
102 10" 1 10 10?107 10" 1 10 10°
E (MeV) E (MeV)
(1, 1) =(0.17,0.30,0.13)
10: viE v ]
sk \ 1F 3
0.0 1 F .
10 10" 1 10 10? 102 107 1 10 10°
E (MeV) E (MeV)
(1, 1) =(0.15,0.32,0.13)
10 F v _: F v _:
& osk \\ 1 F E
00 1 F .
102 10" 1 10 10% 10? 10" 1 10 10°
E (MeV) E (MeV)
(1, 1) =(0.14,0.34,0.13)
10 F v _: F v _:
= osE 1k 3
00 1 F ]
102 10" 1 10 10% 102 10" 1 10 10°
E (MeV) E (MeV)

Figure 2: ve andve survival probability D, < 0)

the relative fractional luminositl in the flavora was allowed to vary. We imposed the constraint
le+ 1+ 4lx = 1 [2] (the factor 4 in front ofy accounts for the two flavar, andv; and the relative
antineutrinos).

2. Split Energies

In general, collective transitions can produce single oltipia spectral splits, both for neutri-
nos and antineutrinos. We investigated the case in whiate tkeonly one split for neutrinos and
only one split for antineutrinos. Some of the features ofdbkective oscillations can be under-
stood by means of three global vectats) andD = J — J [3], constructed by opportunely adding
the polarization vectorB(E) andP(E), that describe the oscillations of eaglandv energy mode
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E, in the density matrix formalism. In our simulations, we eb®d that a single split in both
the neutrino and the antineutrino sector occurs when theageectors projectiond, andJ;, are
initially both positive. We also observed that one of the sptit energies is of order of 1 MeV
(LE) and it is less sharp than the other, that is of order 40 MeV (HE). Moreover, we noted that
the low energy split occurs for antineutrinos wHan> 0 and for neutrinos wheb, < 0.

In a first approximation, we can simply disregard the LE spiitthis case the HE split can
be obtained from an integral equation expressing leptorbeurmmonservation [3]. The equation of
motion of the polarization vector (see [3]) can have a resoedike behavior in the (anti)neutrino
sector ifD, < 0 (D, > 0). The resonance happens when the vacuum frequency of a isoéle
the order of the self-interaction potential timBsg, i.e. whenw ~ uD,. After encountering the
resonance, the corresponding mode proceeds with its owrumadrequency. Note that the pre-
vious equation has two unknowns, the energy of the mode andhttius at which the resonance
occurs. When the collective oscillations begin (bipola@imee), all the mode precess with the same
frequencywipolar ™~ v/ HWaeQ;z ~ /U wWaveD; (See [4] for a definition 0@, and [3] for a definition
of wae). Whenw 2 whipoar, €ven after the start of the collective oscillations, ther@sponding
mode remains decoupled, while far< wyipaar the mode participate to the collective oscillations.
The conditionw = wyipolar, at the onset of bipolar oscillations, gives the second muthat al-
lows us to calculate the lower split energy. Figure 1 shovespitedictions fo the HE split (blue
vertical line) and the LE split (red line), together with tbeculated survivabe probability, in the
caseD, > 0 and for different choices of the fractional luminositi€$gure 2 is analogous to Figure
1 but for the cas®, < 0, in which the secondary low energy split is in the antineotsector.

3. Conclusions

We investigated supernova neutrino oscillations in twoegations, in the single angle ap-
proximation, in the absence of the matter potential, arwhatig the fractional luminosities in each
neutrino flavor to vary. We considered only cases in whichelieone split in the neutrino and in
the antineutrino spectrum. We found an analytic conditmpredict the split energies, by solving
two equations. The first equation expresses the lepton o@igm number and the second one is
the condition of equality between the vacuum frequency obderand the frequency of the bipolar
oscillations. The predicted split energies are in good exgent with the results of the numerical
simulations.
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