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Introduction

e 99% of the output energy in Core-Collapse Supernova
released in form of neutrino

shock gain R . RV R RS

Janka, A&A 368, 527-560 (2001)



Introduction

e Neutrino dominant Core-Collapse
Supernova dynamics
o Cross-sections are flavor depentent
o Shock revival

shock gain R R R R

Janka, A&A 368, 527-560 (2001)
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Introduction

e Proton-neutron ratio -
shock gain R R, R R,

o Nucleosynthesis in heavy elements radius " PNS g
Janka, A&A 368, 527-560 (2001)



Equation of motion

e Density matrix
o Weak-interaction basis Pee Pex
o Two-flavor for simplification pE,v(wa t) — *
o Flavor mixing in off-diagonal terms Pexr Pzx



Equation of motion

e Translational symmetry in X, y, and axial symmetry in z are assumed

Z(at =+ Uzaz)pE,vz — [Ha pE,vz] + 1C

7—|

e Forward scattering e Non-forward scattering
o Momentum state unchanged o Momentum state changed
> O(Gy) ° O(G)



Equation of motion

e Translational symmetry in X, y, and axial symmetry in z are assumed

i(at T Uzaz)PE,vz — [H, PE,vz] "|‘§

e Forward scattering e Non-forward scattering
o Momentum state unchanged o Momentum state changed
> O(Gy) ° O(G)



Equation of motion

Z(at =+ Uzaz)pE,vz — [Ha ,?E,vz] "|_/9(
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Equation of motion

e Vacuum Hamiltonian v\
H

Z(at =+ Uzaz)pE,vz — [Ha ,?E,vz] "|_/9(

/ e Self-interaction Hamiltonian
vac HI/I/

N4
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Vacuum oscillations

e Vacuum Hamiltonian

—COs 2 in 2
Hvaczw_E( cos 20 sin 9) o misalignment between

2 sin 20  cos 26 , ,
mass-eigenstate and flavor-eigenstates

e Kilometer scale
0 : mixing angle,

o Am?
YT 9E
Am? : neutrino mass squared differences

: vacuum frequency, V$ 4 )

wg > (<)0 : normal(invert) mass ordering

ee t . .
P.. = Pee(?) — 1 — sin”20 smz(w—Et)

B pee(t — 0) 2 9




Fast conversions

e When neutrino number density is large
o Vacuum Hamiltonian could be ignore

Z(815 + 'Uzaz)pE,vz — [HVI/(UZ)7 pE,vz]
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Fast conversions

e When neutrino number density is large
o Vacuum Hamiltonian could be ignore

Z(815 + 'Uzaz)pE,vz — [HVI/(UZ)7 pE,vz]

H,,(v,) = \/—GF / ( Pv, — ﬁv’z)(l — Uz U,z)
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Fast conversions

e When neutrino number density is large
o Vacuum Hamiltonian could be ignore

Z(815 + 'Uzaz)pE,vz — [HVI/(UZ)7 pE,vz]

e velocity dependent
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Fast conversions

e When neutrino number density is large
o Vacuum Hamiltonian could be ignore

Z(815 + 'Uzaz)pE,vz — [HVI/(UZ)7 pE,vz]

e velocity dependent

H,,(v,) = \/—GF / ( Pv, — ﬁv’z)(l — Uz U,z)

—l

« Ambient (anti)neutrino » Non-linearity
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Fast conversions H=H,,

(0 +v:0:)pro. = [Hun(v:), p]
Hy, (v:) = V2Cr / dv'(pv, — pur)(1 = . - V)

e Self-interaction Hamiltonian
o velocity dependent
o ambient (anti)neutrino
o Non-linearity
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Fast conversions H=H,,

(0 +v:0:)pro. = [Hun(v:), p]
Hy, (v:) = V2Cr / dv'(pv, — pur)(1 = . - V)

e Self-interaction Hamiltonian
o velocity dependent
o ambient (anti)neutrino
o Non-linearity

d d <[ Eee ) <9 t | 4 A
[dz dv,pee(z, v, t = 0)g,(v,)

e 9,(v,) : angular distribution function o =

n,;e
ny, 18




Fast conversions H=H,,

Z(at + vzaz)pE’,vz — [Hw/(vz)a pE,vz]
H,,(v.) = \/—GF / (Pv’z — pu)(1 — v, - v})

e Self-interaction Hamiltonian
o velocity dependent
o ambient (anti)neutrino
o Non-linearity

0 500 1000 1500 2000 2500

dz dv 2.V, 1t v
<Pee>z(t) _ f zpee( s Uz )gl/( z) ¢
J Az dvzpee(2, vzt = O)gv(vz)n_  Steady-state on coarse-grained level is reached
* 9u(v2) : angular distribution function a = nye at different ¢ for neutrino and antineutrino .

Wu et al., 0.1103/physrevd.104.103003



Does it always happen?
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Does it always happen? NO.
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Does it always happen? NO.

e Electron lepton number crossing LE
0.9F
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0.6 f
0.5

(ELN crossing)
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0.4
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Fast conversions H=H,,

e Condition to triger the conversion

Z(at _I_ vzaz)pEavz — [HVV(UZ)7 IOE,’Uz] O (ELN CrOSSing) GV(UZ) = pee('vz) — ﬁee(’uz)
e Steady-state on coarse-grained level is reached
H,,(v2) = V2Gr [ do/(pu = p)(1 —v. - v) 0.2 ey
ok- Iy _
e Self-interaction Hamiltonian K -0.2 |
> velocity dependent < 0o NN
. . , O -0.4f -
o ambient (anti)neutrino - a=10 --- \
. . L a=1.1 ---
o Non-linearity 06L o4—19 . N
=13 - Sl
_0_8'....1..l.|....|....|.l..|l...|..l.|...,|....|,...

-1 -0.8-06-04-0.2 O 0.2 04 0.6 0.8 1
" 23
Wu etal., 0.1103/physrevd.104.103003



Slow conversions H =H... + H,,

2.0
e Generally the vacuum term could not “
be ignored _
- —— 1.5 -
(0 +v.0:)pEw, = [H(v2), PEw.) 2 .
H('Uz) — Hvac + Hw/(vz) IQ-\ y
;S 1.0 -
e ELN crossing NOT required S _
G(V2) = Pee(Vz) = Pee(v2) 0.5~
e Half-gaussian angular spectrum 0.0 -. ——————
o Forward-peaked —-1.0 -0.5 0.0 0.5 1.0
o outside the v — sphere Uz



Slow conversions H =H... + H,,

e Generally the vacuum term could not
be ignored

i(0; + vzaz)PE,vz = [H(v,), PE,'vz]
H('Uz) = Hyae + Hm/(vz)
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Slow conversions H =H... + H,,

a=0.925
e Generally the vacuum term could not 07 —— wp= —0.004
be ignored : — we= —0.006
. 0.9 - — wWpr = — 0,008
(0 + v:0:)pEp. = H(v:), PEo.] Z we= —0.010
0.8 - — neutrinos
H(vz) — HVaC _I_ Hyy(vz) '—E . : R aﬁti-neutrinos
* 1 Y e empirical steady-state
- 0.7 -
S
0.6 -
e Steady state :
o not sensitiveto WE 0.5
o depend on (¢ :
0.4 +————

0 200 400 y 600 800



Slow conversions

 Empirical steady-states is 8 . o
described by a formula ; * 10
Pamp(a) = — (1—a) e
emp\ &) — | :
Y 2 4 5
- l1—e (1—a)? = 0.6 -
Pem — | | '
p(@) 9 A Dﬂa
=
with i 0->
1 —« _
€ = 0.4 -
1+« :
e Dependence of the mass ording
contributes as much as a few percent
o Unaffected by initial conditions
o2+

e Applicable to future CCSN simulation 070 075 080 085 090 095  1.00



Scales of flavor conversions

Johns et al., arXiv:2503.05959

e Flavor conversion scale~[cm]

- e i EnT 5 - e _ s
‘-_ _; - g — - e ""1-__ - = 3 - -

— |

e Macroscopic scale~[km] H, ~ O(10) km
> Density scale hight H, = o(do/dr) *

r (the radial direction)
>

28



Summary

e Neutrino oscillation is important to the
o Core-Collapse Supernova dynamics
o Nucleosynthesis in heavy elements
e Fast conversions
o Self-interaction Hamiltonian only
o Required electron-lepton-number crossing
e Slow conversions
o Include both vacuum and self-interaction Hamiltonians
o NOT required electron-lepton-number crossing

o Empirical formula could be implemented in future CCSN simulations
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Scales of flavor conversions

e Macroscopic scale~[km]
o Density scale hight H, = o(de/dr)™" Lo
o Mean free path Lypp

e Mesoscopic scale~[cm]
o Self-interaction term Ls; = (vV2Grn,,) ™!

e Microscopic scale~[pm]

o Wave packet Lwp 109
o Particle separation L., = n,*/*

o de Brolie wavelength L = 2#((E,,)) ™

Radius (km)
Johns et al., arXiv:2503.05959 32



Scales of flavor conversions

e Macroscopic scale~[km]
o> Density scale hight H, = o(de/dr) ™"
o Mean free path Lypp

e Mesoscopic scale~[cm]
o Matter term L,.. = (V2Grn.)!
o Self-interaction term rq = (v2Ggn,, )™
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e Stationary states reached in different (¥
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Slow conversions H =H... + H,,

a=0.925
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Slow conversions H =H... + H,,

e Generally the vacuum term could not 1.0t .
: —— (P..), adv=off
be ignored _ |
0.0l === (P,.), adv=off
, /% —— (P,), adv=on
Z(at _I_ ’Uzﬁz),OE,vz — [H(’Uz)y pE,’UZ] %i 08 —— <pee>z adv=on
o» a=1
H(v,) = Hyae + Hyu(v),) 8 0.7
e Without advection term v,0., 06l
o Final state is deviate from |
equipartition 0.5}
» Advection term v,0,, may change the 0 500 1000 1500 2000 2500
final state to flavor equipartition on b

coarse-grained level -



Angle distribution

r— R<R . P

. .

R ~ 0(10 km) Dasgupta et al., arXiv:1609.00528 36



(Pee), (Pee)
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