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INTRODUCTION

wikipedia wikipedia
® ~10°3 ergs of energy us carried out by ~10°58p

® supernova shock revival

The N,/N, ratio is determined by the v, and b,
density in the environment

Ny = P e
P+ Ve—on+et

® Influence nucleosynthesis outcome



vFFC: Formalism

® Flavor content of the neutrinos described using density matrix p

0 0 — Pee/xx 1S the vy, destribution
ee ex)

p““'”’”=(pee* 0y x

— Peox 1S the correlation between v, and v,
® (0 + v.V)pp, =[Hp, ppl +iC

Hp = Hyae + Hmatter + H,,

J_GFI ﬁg (1 — v.v)(p(t, r, p) -p (t, 7, p"))
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vFFC: Formalism

® Assumptions:
— Contribution from Vacuum oscillation is negligible
— Matter distribution is homogeneous

— Neutrino beams with different energies behave identically

Hyyp = uf o (1 — v.v')(g, o(t, r, v’) —(xggeﬁ*(t, r, v’))

gvﬁ - 4H2anIdEE2fDB(p)’ a= n,, /Ny,



1+1+1 D simulation

® Reduction from 1+3+2 —» 1+1+1: [MRW, M. G, C-Y. Lin, Z. Xiong]

— System is homogeneous in both x and y directions all times
— Angular distrubution is azimuthally symmetric
— Both initial condition and the solution respect the above

assumptions. In other words we neglect the symmetry breaking
solutions

® p depends only on t, z and v,

i(dy + v,0,)p(t, z,v,) =[H,,(t, z,v,, p(t, z,v,]

Hz)v= ufduz’ (1 - VZVZ’)(gveQ(ta Z, Vz,) _agv_eg*(t: Z, Vz,))



14+14+1 D simulation: Initial conditions

® We use following form for the angular distribution for both » ., and v .

(1 v,
na"T”/T = Nexp[—( 7 /_'7.
v — (A T — — N 5
D, D -
nvznv — agy, . -0.6
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We discretize the spatial domain into
N , grid points and angular domain into N, bins. z & [-600, 600], v, € [-1, 1].

® We also used two methods to carrv out the simulation

—Finite diffeterence with Kreiss — Oliger error suppresson

Finite Trr\]‘p‘umq mn'l--!‘\nn-l w1+ h '7"‘7« ~rd A ‘ATE]\TO Ph]"\(‘\mﬁ s
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1+1+1 D simulation: Flavor wave (FW) evolution

(a) a=0.9, point-source like perturbations

t=600

— FW propagates to the right — FW propagates to either sides

— Initially all v, affected, diminishes

— FW Collision gives rise to smaller structures,
latertov,<v, .~ 0.65

— Wave collision pushes entire pattern to — Major partof v,<v, .~0.45)
right, small scale structures appear. approaches flavor depolarization,



14+14+1 D simulation® Survival nrobabilities

hoint-source like perturbations b) random perturbations
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14+14+1 D simulation:® Survival nrobabilities

-1 -0.8-06-04-02 0 0.2 04 0.6 0.8
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—FW For o =1 entire
vET N reaches ~ full flavor

depolarization

—For a #+1, onlv shallow part of the
HFET N v-o.nﬂ]ﬁoo 1111 dennlari7zation
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conservation
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1+1+1 D simulation: Takeaways

1. The system evolve towards a final sate in which at least some sub spaces of v,
achieve almost full depolarization.

2. The evolution of the flavor state respects the conservation of vELN.

3. For vELN = 0, entire ELN spectrum get depolarized. vELN # 0, modes in the
shallower part of the ELN get depolarized.

4. Although the rate of depolarization depend on the initial perturbation, the
differences in the late time behaviour is rather negligible.

A few questions:

? What happens to the final state in multi-dimension.

? What happens when collisions are involved.

? Is there a way to have information about the final steady state without going through
the simulations.



1+2+2 D simulation

' I
® Assumptions: [In progress]

—The neutrino angular distributions have reflection symmetry about ¢=0,
where ¢ is the azimuthal angle, so that there is no net flux in the y direction.

—Both the initial conditions and the solutions respect the above
symmetry.

—The effects of vacuum and matter terms can be neglected as did in the 1D
case.

i(d; +1 —v,2 cos(d)d,+v,d,)0(t, 2,v,, ) =[H,,(t, z2,v,,d), o(t, z,v,, ®)]

.[dvzzl"[dd) (1 - \/(1_UZZ)(I_U’zz)cos(fp_gb’)_uzuz’)

x(g,, o(t, x,z,1g/,¢’)-—ag;éﬁ*(t,X,ZL v,', "))

va=



14+2+4+2D Simulation: Initial condition

® For the 2D case we use,

(o0, o) (2.5, 2.0)
(0.6, 0.5) (0.6, 0.5)




2D Simulation: Combparison with linear analvsis

Im(c)) depends on both lzv and L—7 maxlim(w)]

occurs at k.= 0 for azimuthally symmetric profile

(kx, kz) = (0.000, 0.059)

The disnersion branch with maxiIim(w)]1 is

identical to that in the 1D case

el N

4.77e-071-40e-22 = 7.94e-07

|l ncation of the mavyimiim Foririer nower from the
3.58e-07 5.96e-07 J\ / : \ / : J Ul AN -1 X

® simulation is same as the location of for
2.39e-07 3.97e-07 I : = i = ) ’ )
mavlilmi( )1 from the linear analvcic

1.19¢-07 1.99e-07 ;
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2D Simulation® Recuilte

® Final angular distribution




2D Simulation® Results

® FEvolution of the survival probabilities
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1+2+2 D simulation: Takeaways
1. Although there are some subtle differences, the the outcome of the long term

evolution in 14242 dimensions qualitatively agrees with the findings from the
simulation in 1+1+1 dimensions. .

2. Different evolution history and final state of different ‘¢ -modes' for a given v , even
when the ELN spectrum has azimuthal symmetry indicate azimuthal symmetry breaking.

A few questions:

? What happens to the final state in multi-dimension.

? Effect of relaxation of reflection symmetry in ELN.

? Impact of collisions.



Conclusions

® The system evolve towards a quasi-steady state.

Neutrinos at least in some regions of the angular spectrum reach nearly
complete depolarization respecting vELN conservation.

Flavor wave interactions can result in the speed up of flavor depolarization and
production of small scale structures.

® Inferences made in the 1+1+1D are qualitatively valid in 1+2+2D as well.

Presence of the symmetry breaking modes can alter the flavor
evolution history of different "¢ - modes', resulting in ¢ -depependent final ELN
distribution.
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