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Aim of the Game

Ve Burst Accretion Cooling
400 . 14 —pr—r—br—"—"—-v"1—"—"—1———
R 12F
[@)] L
© 300} 10k
— 200
= [ 6k
3 [
£ 100f 4
3 2f
10
-20 . 0.4 . . 0 2 4 6 8
Time [ms] Time [s] Time [s]
SN standard candle? Astrophysics Nuclear physics
SN theory Collective effects? Nucleosynthesis
Timing Shock revival? Exotics/Axions
Mass hierarchy Mass hierarchy?
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MSW Effects

Dighe and Smirnov

\ N\ \ N\
L resonance : v; .V, H resonance : v,/v, « v;
(Am,,?, 0,,) at 10" - 102 g/cc (Am,,2, 6,5) at 103 - 104 g/cc

In neutrinos for NH and in
antineutrinos for IH.

Always adiabatic. Adiabaticity = sin20,,

Always in neutrinos.

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR



Neutrino-Neuftrino Interactions

A, Vu K, ve

XX

kV qvu

Pantaleone (1992)

Basudeb Dasgupta, TIFR Mumbai

v (k)v.(q)) v (k)v.(q))
A lveBv(o)> ] _ ve(k)v,(q)>
dt |1 v (ke ()> |~ 2w (k)v(g))
v, (k)v,(q)> v (k)v,(q)>
20 0 0
110 1 1 O
Vz”zﬁG"éTfo 1 10
0O 0 0 2

16 May, ICRR




Collective Effects

neutrino antineutrino

o < (=] =]
N . (=) -]

COs l)( )

(=
x

(=]
o

Duan, Fuller, Carlson, Qian (2005, 2006,...)
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Spectral Splits

Nontrivial Evolution only for Inverted Hierarchy

Final fluxes in inverted hlerarchy (single-angle)

10 20 30 40 50

Fogli, Lisi, Marrone and Mirizzi

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR 7




Multiple Splits

Antineutrinos

Neutrinos

Spectral Splits
in Inverted
Hierarchy

Spectral Splits \
in Normal \
Hierarchy
0 10 20 30
Energy [MeV]

40

0

10

20 30
Energy [MeV]

40 50

Dasgupta, Dighe, Raffelt and Smirnov (PRL 2009)
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Multi-Angle Effects

initial -
e ] Smeared
initial -

g o Spectral
Splits

NN

_0.03’1111
0 10 20 30 40 20

Energy (MeV)

Many works, e.g., Esteban-Pretel et al, Friedland, Duan and Shalgar
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Multi-

1

Angle Matter Effect

NS
— XR_1O X.R_1O
), _10 — A.R:2x10
2"10.06 A —3X10 —— l 10
o0 100 150 200 250 300 350
r [km]

Esteban-Pretel, Mirizzi, Pastor, Tomas, Raffelt, Serpico, Sigl

Basudeb Dasgupta, TIFR Mumbai

16 May, ICRR
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Symmetry Breaking

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR
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0

Symmetry Breaking

Mirizzi, Mangano, Saviano

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x [27/k,]

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR
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Instability Footprint

p (km™)
104 10° 10% 10! 109 107!
T T T[T TT

10!
10° Hi
50 100 200 500 1000

Radius (km)

Chakraborty, Hansen, Izagguire, Raffelt

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR
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Temporal Instability

Dasgupta and Mirizzi

T E -1
6 j -2
5 -3
4 -4
Z
3 -5
2 -6
1 -7
0 -8
0 100 200 300 400
Ny

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR
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Matter potential (1/km)
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Nevutrino Flavor Evolution
Z(at TV vX)QEN — [HE,V7 QE,V]

HE,V — Hvac + Hmat + HI/V

1 m? 0
H. —_—U 1 U!
vac 0 ( 0 mg) 0

Hmat — \/§GF (ne O>

1
Hl/y p— \/§GF/ (2 )3E/2dE/2dV/(1 —V - V/)QE/ V/
7-‘- Y
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What is the “spectrum” ?

TrQw \% (I)l/ ( Sw,v Sw,v

*
Sw,v _Sw,v

Basudeb Dasgupta, TIFR Mumbai 13 May, Koshiba Hall of the Tokyo Univ.
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Fourier Modes

Precession-like motion for the modes

Y

(O +v - V)P, = [—wB + AL 4+ / dr'(1 —v - V/)Pw/ V/] x P,

Fourier decomposition

P,.(t x,z2) Z e_i(kax)Pﬁ’ﬁ,(z)

Equation for Fourier modes

0,0, PL, = i(p+ v,k)PLY — (WB - AL) x PLL + Y g, PPY 3/’“ S S

pkzwv

Basudeb Dasgupta, TIFR Mumbai 13 May, Koshiba Hall of the Tokyo Univ. 18



Linearization

(.UV (.UV

Z(ﬁt TV v:x:)‘s(w,v — (_w + A+ GM’U)Sw, /dF g 1S 1
Use Fourier decomposition

Sy (t,z,2) = e PHRIGEE ()

p,k
Get an eigenvalue equation

(_""_’“”“p““””)cz 1 gy oQ", = QLE QLY

vZ <

In principle this is a solvable eigenvalue problem

Basudeb Dasgupta, TIFR Mumbai 13 May, Koshiba Hall of the Tokyo Univ. 19



A simple example

z=0

Neutrinos emitted from a surface, along two directions L and R
The initial condition along x are noisy and not steady

How does the flavor content evolve along z?
How does it break the x and t translation symmetry?

Basudeb Dasgupta, TIFR Mumbai 13 May, Koshiba Hall of the Tokyo Univ. 20



Explicit Computation

(wip+Q 0 (I4eu, —pp
0 w_p+Q A+epur —pr
(I+eur —pp wip+t 0

\(1+e)ur  —un 0  w p+Q)

Det

wi(r,r) = (Fwo + kvy (L ry + P — A —€1y) /v, (L R)
H(L,R) = Mv/vz,(L,R) :

Basudeb Dasgupta, TIFR Mumbai 13 May, Koshiba Hall of the Tokyo Univ.
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Without Noise

TTTTT T T 1 TTTT T T T T T TTTT T T T 7T I
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103 102 10

Jw

Ju)
Capozzi, Dasgupta, Mirizzi (2016, JCAP)
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With Noise

106 L0 L0

T T T T T
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Capozzi, Dasgupta, Mirizzi (2016, JCAP)
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Fully Nonlinear Evolution

0 50 100 150 0 50 100 150 0 50 100 150
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Linear vs. Nonlinear

T?\,=oo

T,=30

7,=10
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More work in progress

Basudeb Dasgupta, TIFR Mumbai 16 May, ICRR



Moving Footprinis

A 1 oy I Dasgupta and Mirizzi
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l fluctuations
l <

Distance from the center of SN
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