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Core-collapse supernova explosion

. Core collapse—Proto-neutron star (PNS) & Bounce shock formation

- Shock stalls—Neutrino emission from PNS re-energize the shock — Explode!

- Depends on: progenitor, nuclear equation of state (EOS), neutrino reactions, humerics
- Collective neutrino oscillation may change the explosion dynamics and neutrino signals
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Neutrino oscillation

d
1% 1% iap(p) = [H, p(p)] + €lp]
. Quantum Kinetic Equation (QKE)

H = Hvacuum T HMSW T \/ZGFstp,(l B ﬁ ' ﬁl)('op’ B ﬁp’)

v v V-V Interaction potential

-Neutrino osclillation—Mismatch between flavor and energy eigenstates

-MSW effect : energy changes due to the interaction potential with electrons

.Collective neutrino oscillation : energy changes due to the interaction potential
between neutrinos



Slow mode

H=H + H

vacuum V—U
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-Long conversion lengthscale
—o0ther physical processes may
suppress the conversion

Collective neutrino oscillation

Fast mode

H = HI/—I/

w; ~ \/2Gen, ~ 6(1)m™

-Short conversion lengthscale -
almost promptly

-High energy U, and low energy U,
may exchange each other, then
heating rate, explosion dynamics,
nucleosynthesis may be influenced.




Collective neutrino oscillation

- Quantum kinetic equation (QKE) describes the collective neutrino oscillation
Realistic astrophysical setting with sufficient resolution is difficult to solve
» Solve QKE directly in idealized setting
» Analyze linearized QKE with astrophysical simulation results (postprocess)

(a) a=0.9, random perturbations
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Linear analysis of QKE

d d2Q’ N d
i—J(Q) = — G- pIQ) < i—p(p) = [H, p(p)]
dr A1 dr
linearized QKE QKE

E*dE
G(€) = \/EGF (fye(p) —fDe(p)) . Electron neutrino Lepton Number (ELN)

2
2 (Assuming the same population for
heavy-lepton type v's)

- Fast flavor conversion is considered
- ELN Is important to see the behavior:

ELN zero crossing <=> flavor instability (Pf. Morinaga 2021)
- Search for ELN crossing!



Boltzmann neutrino transport

(remember Akaho-kun's talk)

Boltzmann equation for neutrino transport
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ELN crossing search with Boltzmann
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Cross above PNS . Cross near PNS . |Instability in preshock



Type | & Il crossing

ELN crossin g Space-time diagram of ELN-angular crossings in CCSNe
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- Type llI-1: neutrino absorption
- Type lI-2: asymmetric (anti)neutrino emission by asymmetric Ye distribution around PNS



Rotating CCSN simulation by Boltzmann

- Run a rotating core-collapse supernova simulation with Boltzmann neutrino
transport — Evaluate the linear growth rate from approximate formula

dQ dQ
o~ _|— J —G(Q) J —G(Q)
\ ( G(Q)>0 47 ) ( G(Q)<0 4 >

- 15 Me progenitor (Woosley et al. 2002, commonly used)

- Setup

- Furusawa—Togashi nuclear EOS (variational method + NSE composition)
- Standard neutrino reaction + updated electron capture rate on nuclel
- Rotational velocity imposed at the onset of collapse

4rad/s
1 + (/1000 km)?2
- Explosion/tailure is still unclear (not the topic here)

vO(r) =




Linear growth rate

- Spatial distribution of the linear
growth rate at ~200 ms postbounce
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- Linear growth rate

dQ dQ
o~ |- [ —G(Q) J —G(Q))
\ ( G@)>0 47 ) ( G@<0 47

- Islands of flavor instability
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(outer unstable region is found by
Morinaga et al. 2020)




Comparison with non-rotating simulation

Rotating Non-rotating

- Instabllity islands
only appear In the
rotating model
— Rotational origin




ELN angular distribution

radialy v.dominates

GX

rotation

U.dominates
- ELN angular distribution in an unstable region

. U dominates in radial direction — Type |l crossing
- Neutrino absorption causes crossing



Outgoing distribution function

ro f(E, 0, = 0)E*dE
0

CYID_I
=
=
-
S
+~
=
-
—
+
&
o)
o)
O
+
av
—
o0
O
+~
R=
>
o0
—
>
-
O

growth rate [102 cm-1]

100

radius r [km]

- Energy-integrated distribution function for outgoing
U, are absorbed faster than v, — ELN crossing

- Collision term for the Boltzmann eq. = = (f — fip)/Apg,




Outgoing distribution function
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- Collision term for the Boltzmann eaq.
— (f_fFD)//Imfp
- Larger absorptivity for v, than 7,




Outgoing distribution function

Actual
distribution

Fermi—Dirac distribution
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- Collision term for the Boltzmann eq. = — (f — fgp)/ Ay,
- Jep for Ve and U, are inverted — L, are strongly
albsorbed




Distribution along stable direction

Actual
distribution

Fermi—Dirac distribution
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- ELN dose not cross zero along orange arrow
- Sltuation I1s similar to equator, but absorption is
INnsufficient




Rotational deformation of matter
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Matter distribution is oblate owing to rotation
Large-absorptivity region extends more along green
Equatorially flying U, are absorbed for longer time




Relatively small alpha parameter

- Alpha parameter & :=n; /n, exceeding ~0.8 is an indicator of ELN
Crossing

- In the rotation-induced ELN crossing, alpha is ~0.7

- Flux factor for Eeis much larger than v, — 176 IS more forward-
peaking

—




Island structure
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Island structure

High-Ye InCreases degeneracy parameter
» K, He T /’tp — Hq
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Fluid velocity (magenta arrows) shows
convective overturn

Electron-rich matter Is carried by matter and
Intersects the unstable region to make islands




Summary

Using the Boltzmann CCSN simulation, the linear growth rate ot the flavor
Instabllity Is estimated

Rotation extends matter to equator, neutrino absorption continues long
time, absorption-induced Type |l ELN crossing occurs

Electron-rich convective inflow intersects the unstable region to make the
Island structure




Thank you for listening!



