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G. Raffelt talk at Neutrino 2006 in Santa Fe

Flavor Oscillations of Supernova Neutrinos

L-resonance ‘ Shock Wave

H-resonance
(~10% km)

« Flavor conversion suppressed in core
and near shockwave by large matter
effects

 Flavor oscillations only important for
freely streaming neutrinos at large r

Shortly after collapse Late time (few sec after bounce)

H-resonance
(100-103 km)

Flavor conversion can be important for
r-process nucleosynthesis in hot bubble
region

[Qian, Fuller & Woosley,

PRL 71 (1993) 1965]

Collective effects from nu-nu interaction important in hot bubble region
[Pastor & Raffelt, astro-ph/0207281, Balantekin & Yuksel, astro-ph/0411159,

Duan, Fuller, Carlson & Qian, 2006, forthcoming paper]

Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico




FLAVOR CONVERSIONS IN CORE-COLLAPSE SUPERNOVAE

Matter flavor
conversions

«Slow self ast» self-induced
induced flavor flavor conversions

a (Flavor equilibration?)
conversions

(spectral splits?) 3




WHY ARE SN FLAVOR CONVERSIONS
INTERESTING?

® Tmpact on the explosion mechanism: energy deposition behind the shock-
wave by electron neutrinos

® Impact on nucleosynthesis of heavy elements in SNe

® Necessary to predict the signal from next galactic SN and from DSNB




DENSITY MATRIX FOR THE NEUTRINO ENSEMBLE

Diagonal elements

Off-diagonal elements
related to flavor responsible for flavor
content _ conversions

F (E,r) P -
paa T F(E, ]/_)

® The EOMs for the time evolution in a homogeneous medium are the
Liouville equations (e.g. Early Universe)

iatpp :[Hpﬂpp]



HAMILTONIAN MATRIX (2 nu scenario)

_ Am? cosZB N
=" (sinZB —c0526)+\/§ Gr (O
\ )
| Y
Vgc.lillur:_ . MSW effect Nu-Nu interactions. Flavor off-
osciiiation diagonal potential caused by flavor
oscillations (J. Pantaleone, PLB

287: 128, 1992)

@® Energy scales of the problem
1 =2 Gg n,3~05cm=1  Required for any collective effect

w = Am2/2E~0.5 km~1 Vacuum oscillation frequency

A =+2 Gn, Matter effect



CROSSING OF NEUTRINO SPECTRA

Spectrum
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The main dynamical quantity turns out to be F. - F,. This is often what is
referred to as the "spectrum” as a function of energy, or emission angle, etc. If
this spectrum has a “crossing” the system tends to become unstable and there

is flavor conversion.




SLOW VS FAST SELF-INDUCED FLAVOR CONVERSTIONS

® Slow conversions
Require wy # 0
Growth rate k ~ uwz ~1073km™1 "slow rate”

Requires crossing of energy spectra

® Fast conversions

Dynamical even for w; =0
Growth rate k ~ u~0.5 cm™1 "fast rate”

Requires crossing of angular spectra




KINETIC EQUATIONS FOR A DENSE NEUTRINO GAS

[Sigl & Raffelt, 1992 Viasenko, Fuller, Cirigliano, 1309.2628 Volpe, Vaananen, Espinoza,
1302.2374]

Ji0px +Vp - VxOpx + P VpOpx «— Liouville operator

= _f"[ﬂp.x* E’nx] +C[p]

" Hamiltonian Q, =0, +Q,., +Q

matt 14%
Jiopx — Explicit time evolution

vp - Vxopx > Drift ferm due to space inhomogeneities
p-Vpopx —> Force term acting on neutrinos
(negligible)

Clpl —>  Collisional term

7-dimensional problem. Never solved in its complete form. Symmetries have

been used to reduce the complexity of the problem. ,




SPACE/TIME HOMOGENEITTY

® Space Homogeneity:

athp,x T VNJ = _i[Qp,x’le,x]

Pure temporal evolution (Neutrinos in Early Universe)

® Time Homogeneity:

%Vp .prp,x = _i[Qp,xﬁpp,x]

Stationary space evolution (SN neutrinos)
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BULB MODEL

[see, e.g., Duan et al., astro-ph/0606616]——> First large-scale multi-angle simulations

Neutrino-sphere ~—_ 7 .
.~ ! zenith angle

< - / \
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A / 7, < Azimuthal angle

® Neutrinos are emitted uniformly and (half)-isotropically from the surface
of a sphere (v-sphere), like in a blackbody.

® Flavor blind angular distributions. No angular crossing. No fast conversion.
Only slow conversions.

® Physical conditions depend only on the the distance r from the center of
the star (azimuthal symmetry) ~

® Project evolution along radial direction (ODE problem) Vp -V, —>vd,,



SELF-INDUCED SPECTRAL SPLITS

[Fogli, Lisi, Marrone, A.M. , arXiV: 0707.1998 [hep-ph], Duan, Carlson, Fuller, Qian, astro-ph/0703776,

Raffelt and Smirnov, 0705.1830 [hep-ph], Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542 [hep-ph],
Duan & Friedland, arXiv: 1006.2359, A.M. & Tomas, arXiv:1012.1339, Choubey, Dasgupta, Dighe, A.M.,

1008.0308....]

Final fluxes in inverted hierarchy (multi-angle)

1.0_""I""l""l""l | _' L L L
0.8} 1 F .
3 08| Swap of the
X original SN v
T 4 spectra in inverted
ool mass hierarchy
% o 20 30 a0
E (MeV) E (MeV)

Strong dependence of collective oscillations on mass hierarchy and on the
energy (“splits”)

Splits possible in both normal and inverted hierarchy, for v & v !! .



SPONTANEOUS SYMMETRY BREAKING IN SELF-
INDUCED OSCILLATIONS

® Symmetries have been used to reduce the complexity of the SN v flavor
evolution (e.g. the bulb model).

@ However, v can lead to a spontaneous symmetry breaking (SSB) of the
symmetry inherent fo the initial conditions [Raffelt, Sarikas, Seixas,
1305.7140] .

® Small deviations from the space/time symmetries of the bulb model have to
be expected. Can these act as seed for new instabilities?

FIRST INVESTIGATIONS WITH TOY MODELS

® With a simple toy model in [Mangano, A.M. & Saviano, 1403.1892] it has
been shown that self-interacting v can break translational symmetries in
space and time.

® By a stability analysis in [Duan & Shalgar, 1412.7097] is has been found

that self-interacting v can break the spatial symmetries of a 2D model.
13




2D MODEL FOR SELF-INTERACTING v

FROM BULB MODEL - PLANAR MODEL
[Duan & Sha/_qa/j, ]4.72. 7097 ]

Nu evolving in the plane (x,z) emitted from
an infinite boundary at z=0, in only fwo
directions (L and R). Excess of v, over v, .

A
v

TRANSLATIONAL | BROKEN
— SYMMETRIES ?

SPHERICAL

L-R

A
v
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2D MODEL FOR SELF-INTERACTING v

[A. M., Mangano Saviano, 1503.03485. Chakraborty, Hansen, Izaguirre, Raffelt,1507.07569,
Martin, Abbar, Duan, 1904.08877, Martin, Carlson, Duan, 1901.09772]
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A. M., Mangano and Saviano, [arXiv:1503.03485 [hep-ph]].

® Large variations in the x direction at smaller and smaller scales.
® Planes of common phase broken.

® Coherent behavior of oscillation lost. 15



NON-STATIONARITY

time

[Dasgupta, AM., 1509.03171, Abbar, Duan, 1509.01538, Capozzi, Dasgupta, A.M.,
1603.03288]

©
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10*

Matter potential (1/km)

\

® Pulsating components may have
component exactly cancealing the
multi-angle matter term.

o ©

® Time-dependent fluctuations (with

frequency p) can be unstable at higher

donsty matter density and lead to flavor
Prene conversions deeper in a SN.

[Dasgupta, AM., arXiv:1509.03171]

Increasing p

107

Distance from the center of SN (km)

® Tnstability starts as a small
pulsating seed, and cascades
down to a large steady
instability
[Capozzi, Dasgupta, AM.,
arXiv.1603.03288]
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FAST FLAVOR CONVERSIONS

[R. Sawyer, hep-ph/0503013;
0803.4319; 1509.03323,
Chakraborty, Hansen, Izaqguirre,
Raffelt, 1602.00698,

Izaguirre, Raffelt, Tamborra,
1610.01612, Dasgupta, A.M.,

>Z Sen,1609.00528]

R ~ O(10km)

® Electron flavors remain in equilibrium with matter for a longer period than
the non-electron flavors, due to the largest cross-sections of CC interactions

® Non-electron flavors decouple deeper in the star (more fwd-peaked
distributions)

® Neutron-richness enhances CC interactions for v, keeping them more coupled
to matter (more isotropic distribution) than v,

® New flavor instability (absent assuming equal angular distributions). Possible
complete flavor mixing of the outgoing stream just above the nu- spher'e
Fast rate ~u




CROSSING OF ANGULAR SPECTRA

[Dasgupta, AM., Sen, arXiV:1609.00528]

Nu angular distributions
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Are relevant conditions for fast conversions fulfilled in
realistic simulations?

Currently a recent investigation on the subject by different groups
worldwide

® I.Tamborra, L.Huedepohl, G.Raffelt, and H.-T.Janka, ‘Flavor-dependent

neutrino angular distribution in core-collapse supernovae,” Astrophys. J.
839 (2017) 132, [1702.000601.

® S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki, and M. C. Volpe, “On the

occurrence of fast neutrino  flavor conversions in multidimensional
supernova models,”Phys. Rev. D 100 (2019) 043004, [1812.06883].

® M. Delfan Azari, S. Yamada, T. Morinaga, W. Iwakami, H. Okawa, H.
Nagakura, and K. Sumiyoshi, ‘Linear analysis of fast-pairwise collective
neutrino oscillations in core-collapse supernovae based on the results of

Boltzmann simulations,”Phys. Rev. D 99 (2019) 103011, [1902.074671].

® T. Morinaga, H. Nagakura, C. Kato and S. Yamada, ‘Fast neutrino-flavor

conversion in the preshock region of core-collapse supernovae,”Phys. Rev.
Res. 2, no.1, 012046 (2020) [1909.13131].
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@ M. Delfan Azari, S. Yamada, T. Morinaga, H. Nagakura, S. Furusawa, A.
Harada, H.Okawa, W. Iwakami and K. Sumiyoshi, ‘Fast collective neutrino
oscillations inside the neutrino sphere in core-collapse supernovae,” Phys.
Rev. D 101, no.2, 023018 (2020) [1910.06176].

® S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki and M. C. Volpe, “Fast Neutrino
Flavor Conversion Modes in Multidimensional Core-collapse Supernova
Models: the Role of the Asymmetric Neutrino Distributions,” Phys. Rev. D
101, no.4, 043016 (2020) [1911.01983].

® H. Nagakura, T. Morinaga, C. Kato and S. Yamada, ‘Fast-pairwise collective
neutrino oscillations associated with asymmetric neutrino emissions in
core-collapse supernova,”[arXiV:1910.04288].

® L.Johns, H. Nagakura, G.M. Fuller and A. Burrows, ‘Neutrino oscillations in

supernovae: angular moments and fast instabilities,” Phys. Rev. D 101,
no.4, 043009 (2020) [1910.05682]

® R. Glas, H. T. Janka, F. Capozzi, M. Sen, B. Dasgupta, A.M. and G. Sigl, "Fast

Neutrino Flavor Instability in the Neutron-star Convection Layer of Three-
dimensional Supernova Models,” Phys. Rev. D 101, no.6, 063001 (2020)
d0i:10.1103/PhysRevD.101.063001 [1912.00274]
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3D STIMULATIONS

LEPTON-NUMBER EMISSION SELF-SUSTAINED
ASYMMETRY (LESA)

[Tamborra, Hanke, Janka, Mueller, Raffelt, 1402.5418]

Large-scale asymmetry with dominant dipole mode of lepton-number flux:

F(Ve)_F(\Te)

Model s2.0 FMD H &00 ms

Lepton - Number Pux
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[Glas, Janka et al., 1809.10150]

$9.0 FMD H (ty, = 614 ms)
AL “".z'-“' R 4

2.0

1.5
1.0 :
0.5 N 8 ':......E.

- .
.....

0.0

21




EVIDENCE FOR FAST FLAVOR INSTABILITY IN 3D SN
MODELS

[Glas, Janka, Capozzi, Sen, Dasgupta, A.M., Sigl, 1912.00274]

@ Fast flavor instability is diagnosed inside newly formed neutron star

® Instability regions are thin layers of volume where n(ve)>n(v,)

® Regions grow with time in convective shell of the NS, favored by
decreasing electron fraction and high temperatures )




EVOLUTION OF FAST FLAVOR INSTABILITY INSIDE

NEUTRON STARS
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CONCLUSIONS

® Seclf-induced flavor conversions in SNe are a field of intense
investigations since 15 years.

® Increasing level of complications, new suprising effects have emerged
producing continuous changes of paradigm.

® First studies with realistic SN models show possible flavor instabilities
near the SN core.

® How does the neutrino field develop and what is the practical impact on

core-collapse physics?

LOT OF FUN/WORK WAITING FOR THE
NEXT GALACTIC SN EXPLOSION |




