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Introduction

@ Core-collapse supernovae are one of the most intense sources
neutrinos

@ 1053 ergs (or 10%® neutrinos) are released in an interval of 10 seconds

@ About 99% of energy of a core-collpase supernova is released in the
form of neutrinos

@ Core-collapse supernovae are a candidate site for R-process
nucleosynthesis
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Neutrinos and Supernovae

@ Neutrino driven winds play a major role in supernova explosions

Ve+n<p+e
Uet+pen+et

Neutrino oscillations can affect nucleosynthesis rate by changing the
electron fraction

@ It is vital to understand when and where neutrino flavor oscillations
occur
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Neutrino flavor evolution inside supernova

o= (e i) o= (G i)
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Hamiltonian

H = Hyac + Hnat + Hseis  for neutrinos
H = —H,sc + Hmat + Hseif  for anti-neutrinos

H _ 1 /—wcos(20y) wsin(20y)
vae 2 \ wsin(26y)  wcos(26y)

. \@Gpne 0
Hmat - < 0 0

Hor = V26 [ &(1=7 7)oy ~ )
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Collisions
d 1 ; 1 . .
PP 1) = =2 {1 PR ) |+ 2 {1 — (%, 1))

@ Neutrino traveling with momentum p can be scattered out to pg'.

(Loss term)
@ Neutrino traveling with p’ can be scattered in to p momentum state.

(Gain term)
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Full equations of motion

Attempt to find steady state solution

o
i 9CB) _ (1 oz ) + iclp. 7]
do(X.p _ -

PP _ (7,55, 5)] + iclp. 7

We are trying to solve 6-dimensional equations of motion in a non-trivial
geometry. Collisions have never been satisfactorily included in studies.
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Neutrino Bulb model

Neutron  &=5—demommm o TT Sl s N 2
Star
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Neutrino bulb model (No collisions)
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Single angle approximation

@ Single-angle approximation: all the emission angles are equivalent and
a single angle can be used to represent all emission angles.

@ Single angle approximation can reduce the number of equations and
computational time required by a factor of 1000 or more

In the case of neutrino-bulb model single-angle approximation gives very
similar results to multi-angle calculation
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-
Flavor instability

6y = 10~ radians

log,o (|H*])

log,o (|H*)
— pee

25.0 275 300 325 350 375 400
r (km)

Figure: The blue line shows the evolution of the off-diagonal term of the
Hamiltonian. The flavor instability is the exponential growth of the off-diagonal
term of the Hamiltonian. The saturation of the off-diagonal term is accompanied
by the onset of neutrino flavor oscillation (red line)
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The Halo effect

J. F. Cherry, J. Carlson, A. Friedland, G. M. Fuller and A. Vlasenko, Phys. Rev. Lett. 108, 261104 (2012)

doi:10.1103/PhysRevLett.108.261104 [arXiv:1203.1607 [hep-ph]].
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Importance and Challenges

@ The back-scattered flux is proportional to the square of the Fermi
constant (o< G2) while the self-interaction potential goes like Fermi
constant (o Gfg)

o The potential due to the back-scattered neutrino is O(1 + cos? 0) as
opposed to self-interaction potential in neutrino-bulb model
(O(1 — cos? 6))

@ No longer an initial value problem. Usual numerical techniques;
forward difference methods do not work.
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Halo potential
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J. F. Cherry, J. Carlson, A. Friedland, G. M. Fuller and A. Vlasenko, Phys. Rev. Lett. 108, 261104 (2012)

doi:10.1103/PhysRevLett.108.261104 [arXiv:1203.1607 [hep-ph]].
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The Halo effect in single angle approximation

@ The calculation of neutrino flavor oscillations in neutrino-bulb model
with the Halo effect is extremely difficult

@ In order to gain insight in to the physics due to the Halo effect we
study the Halo effect in single-angle approximation

@ A single emission angle is used to represent all emission angles and
the backscattered neutrinos travel along the same path but in the
opposite direction
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Numerical method

@ The neutrino flux is evolved from ryi, to fnax and the density
matrices are stored as spline curves

@ At each point C = v/2Ggn.10"%p

@ The spline curves are used to calculate the flavor evolution is the
backward direction

@ The density matrices are evolved in the outward direction again with
backscattered neutrinos taken in to account

o lterate till necessary
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Numerical results
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Figure: Blue: off-diagonal term of the Hamiltonian for various iterations. Green:
Same for the Halo Hamiltonian only. Right: Evolution of the flux for 8.5 MeV

bin. Red to Green: 0 to 15" jteration
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Numerical results
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Figure: Blue: off-diagonal term of the Hamiltonian for various iterations. Green:
Same for the Halo Hamiltonian only. Right: Evolution of the flux for 8.5 MeV

bin. Red to Green: 0 to 15" jteration
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Numerical results
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Figure: Blue: off-diagonal term of the Hamiltonian for various iterations. Green:

Same for the Halo Hamiltonian only. Right: Evolution of the flux for 8.5 MeV
bin. Red to Green: 0 to 15" iteration
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Final flux
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Discussion

@ Flavor instability is determined by the diagonal elements of the
density matrices.

@ There is a small relative change is the magnitude of the diagonal
elements of the Hamiltonian in the region of flavor instability.

@ Back-scattered neutrinos do not significantly modify the final neutrino
spectrum because they have a large effect in a region where there are
no neutrino flavor oscsillations.
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Conclusion

@ We have calculated the neutrino flavor evolution in single-angle
approximation

@ The Halo effect causes increases the effective mixing angle and as a
result pushes the onset of neutrino flavor oscillations to a slightly
smaller radius.

@ We do not find new flavor instability due to the Halo effect

@ Multi-angle calculations have to be performed to be sure that Halo
effect modifies the neutrino flavor in a limited fashion
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