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4 Introduction & overview
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Ghostly particle

—— Cross Section (low energy):
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Super-K: Super Kamiokande
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Neutrinos in Supernovae

n’s + seed = heavy (A=100 ~ 200)
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Neutrinos in SNe

m» 1, and v, affect supernova dynamics
and nucleosynthesis

Tuesday, July 22, 14



Vacuum Oscillations

neutrinos are generated/detected in flavor states

neutrino mass eigenstates # neutrino flavor states

V1) = cosOy|ve) +sinb,|v,) with mass m;

Vo) = —sint,|ve) + cosl,|v,) with mass mo
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Vacuum Oscillations
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MSVV Effect

does not affect

. (G Wolfenstein (1978)
neutrino oscillations
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Three Flavor Mixing

WEAK FLAVOR STATES VACUUM MASS EIGENSTATES
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Mass Hierarchy

normal mass hierarchy inverted mass hierarchy
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Oscillations in SN
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Neutrino Self-Coupling

No oscillation effect  Fuller et al (1987)  Pantaleone (1992)
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Density Matrix

Pure State:




Neutrino Self-Coupling
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V oscillations in SN
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V oscillations in SN
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(3+3)D

emission
direction

|

(r, E,7,9,0,P)

|

emission
points

energy

Coherent forward
scattering only outside
neutrino sphere.
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(2+3)D

propagation
direction

— W,@,A%@V

K emission
| enersy points

/Ié‘ previous assumptions +
Axial symmetry around the
Z axis.
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(1+3)D

propagation
direction

|

U(r, E, 9, @)

A

energy

previous assumptions +
Spherical symmetry about
the center (Consistency!?)
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(1+2)D
Multi-Angle/Bulb Model

propagation
direction

|

¥ (r, B, D)

energy

previous + assumptions +
Azimuthal symmetry around
any radial direction




(1+1)D
Single-Angle

Equivalent to an expanding
homogeneous neutrino gas

o(r, E)

energy

previous assumptions +
Trajectory independent
neutrino flavor evolution
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Semi-Analytic Treatment

o, = VG [ dp'(1= B B)(ppr — 7
: ; . Qian & Fuller (1995)
® Single-angle approximation.

® Assume that the off-diagonal elements of p
seesare Qe
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Numerical Treatment

Samuel (1993)

® Homogeneous &
Isotropic neutrino
gas.

® Small electron-
neutrino excess.

® Self-maintained
coherence.
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Numerical Treatment

Kostelecky & Samuel (1993)

® Homogeneous &
Isotropic neutrino
gas.

® Small electron-
neutrino excess.

® Self-maintained
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Numerical Treatment

Pastor & Raffelt (2002)

® Single-angle
approximation

® |arge mass-
squared difference

® Synchronized
Am2 = 10 eV? neutrino

2. _ 403 - :
tan” @ = 10 oscillations

20 25 30
radius [km]
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FLAT

Driver ‘
. ® 1
gg:rilorr;znd line nghly

modularized
physics & numerical data
_Ei gegmettﬁ _%/I schemei i 1/0 ' Program
single-angle multi-angle  single-thread  multi-thread NETCDF ‘ MUIti—Pu rpose
NEUEEE . ' ® single-angle vs.
energy bins o
regular mid-point rule adaptive trapezoidal rule mu Itl-angle

® 2 flavors vs. 3
flavors

active-active active-sterile 3X3 active
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dm? =3 x 10 %eV* ~ ém?_, 6, = 0.1, L, = 10° erg/s
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om? = -3 x 10 %eV? ~ dm?2, ., 6, =0.1, L, = 10°* erg/s
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neutrino antineutrino P,
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neutrino antineutrino
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3 Flavor Mixing

atm. split  solar split Normal Mass Hierarchy
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Multiple Spectral Splits

Dasgupta et al (2009)




3 Flavor Instability

ve at 1000 km, different Amé

Amé:O

Am? =0.01(std. val.)
Am? =0.2(std. val.)
Amé:O.S(std. val.)
initial v,

--— 1Initial v,

neutrino energy [MeV]

Friedland (2010)
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(L, ) =4.1foe, (Lp ) = 4.3foe, (L, 5 )= T7.9foe
(E,.) =9.4MeV, (E5 ) =13.0MeV, (F,_ 5 )= 15.8MeV

Neutrino Antineutrino

radius
(km)

250
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(L, ) =4.1foe, (Lp ) = 4.3foe, (L, 5 )= T7.9foe
(E,.) =9.4MeV, (E5 ) =13.0MeV, (F,_ 5 )= 15.8MeV

Neutrino Antineutrino

radius
(km)

250

ISSAC 2014, La Jolla, July 2014 HD & Friedland (2010)

Tuesday, July 22, 14



Multiangle Suppression

single-angle
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Multiangle Suppression
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Multiangle Suppression
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In Magnetic Field

Assume neutrinos to be Majorana particles.

20 30 | 20
Energy (MeV) Energy (MeV)

de Gouvea & Shalgar (2012, 201 3)
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Matter-Neutrino
Resonance

Anti-neutrino
excess

® Merging compact
objects

® Single-angle

15

Distance (2E /6m2) Malkus, Eriedland,
McLaughlin (2014)
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YES!! You can make

discoveries through




But are you sure
whether the numerical
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