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Neutrinos in core-collapse supernovae (CCSN)

shock wave
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e |ntense sources of MeV neutrinos in all flavors

* Neutrinos play important roles in dynamics and nucleosynthesis.




Collisional weak processes in classical neutrino transport
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Collective neutrino oscillations & Fast flavor instability (FFI)

v, (B) + V(@) = v (k) + | D (q)
|2, (0) + v (@) = [v.(@) + | v (k)
(x=u,7)

Proto-Neutron
Star

non-trivial neutrino angular distributions

A “very fast” time scale (Gpn,)”!, where n,, is the
neutrino number density n, ~ T°. In our domain this time R~ O(10km) [B. Dasgupta, A. Mirizzi, M. Sen, JCAP 02 (2017) 019]

is of order 1073 ¢cm in units in which ¢ = 1.
L — T

I (he ““very fast” rate men-

tioned in the introduction. This situation only arises when

the angular distributions in the initial state are somewhat : e
complex. R Sawyer PRD 79, 105003 (2009) Occurrence of fast flavor instability:
R— — - ahead of the shock wave,
[R. F. Sawyer, PRL 116, 081101 (2016); :
S. Chakraborty, R. Hansen, I. Izaguirre et al., JCAP 03 (2016) 042; - near the neutrinosphere,
|. Izaguirre, G. Raffelt, I. Tamborra, PRL 118, 021101 (2017); ...] _ deep iﬂSide neutrinosphere
- TR : : [S. Abbar, H. Duan, et al., PRD 100, 043004 (2019);
Fast flavor instability is present it and only if the angular . Azar. 5. Yamada of . PRD 98 103011 (2019)
distributions of neutrino lepton number of 2 flavors cross R. Glas, H.-T. Janka et al., PRD 101, 063001 (2020);
. H. Nagakura, A. Burrows et al., PRD 104, 083025 (2021);
each other. [T. Morinaga, PRD 105, L101301 (2022)] R. Akaho, A. Harad et al., APJ 944. 60 (2023):

]
G =f, (V) —f;, (V) = f, (V) + f; (V) (ELN, or E-XLN)




Neutrino quantum kinetic equation (VQKE)

[G. Sigl, G. Raffelt, 1993; A. Vlasenko, G. Fuller, V. Cirigliano, 2014; C. Volpe, 2015; S. Richers, G. McLaughlin et al., 2019 ...]

0,+v-V)o=—1 +H . +H ,o0]+C(0)

: coherent forward scatterings collisional weak
advection Orocesses
MSW self-induced
o Qo Cor (E) = UMPU’
o, r,p) = | Qe ﬁ/,, Quz
%k * .
O Qur o, H, .. =+/2Gdiag[n,,0,0]

(je(l —15) = xSy, = +xe>ee,/2>

H,,(p) = ﬁGFJdp' (1 - P)le®) - 7] G+ 702 0

Challenging problem:

* Nonlinearity!
* High dimensions! o(,r,p)

 Scale separation! H,, ~Gmn,  C~y ~GiEMy




Scenarios to simulate fast flavor conversions (FFCs)
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Scenarios to simulate fast flavor conversions (FFCs)

E=21 MeV
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L ocal-box simulation

- translation symmetry along x & y

(0t + VZaZ)Q(VZ) = —1 [HW(VZ), Q(VZ)] - azimuthal symmetry in v,-v, plane
| - single energy, two flavors
H, =u I_l dv(l —vyv)lg,0 — g;0*] - COSEv code (Collective Oscillation

Simulation Engine for Neutrinos)
[M. George, M.-R. Wu et al., Comput. Phys. Commun. (2023)]
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Asymptotic state
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- Inner boundary (20km): thermal ~ °*

- Quter boundary (80km): freely 0.0

Global simulation set-up

Background matter profile from AGILE-BOLTZTRAN, 25M, progenitor, & the post-

bouncing time z;, ~ 250 ms

emission & absorption,
ISO-energetic neutrino-nucleon scattering,

inelastic neutrino-electron scatterings, 5
& pair reactions

equilibrium at the boundary, o0
collisional weak processes
determine neutrino spheres
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(@) = [dEQ(E,v,), (0)4 = [dv,0(E,v)), s,,

Flavor waves In small scales
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Global simulation: instability beyond neutrino-sphere
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Global simulation: instability from inside neutrino-sphere

Model Va4

1035

1033

Neutrino number density [cm™3]

1032

- t=96.0 km/c=320.0 ps

(@)p(v,) = [dEo(E,v,),
<Q>A(E) = Idvr Q(E’ vr)

1.0 -

1.0

- 0.8 1
0.6
- 0.4
0.2

42.0 km

L 0.8 50.0 km
L 0.6 1
L 0.4
L 0.2

- 0.0
0.16

- 0.0
0.12

1 0.00 ﬂ/\—; 0.00 /k—

- 5 \ -
] 0.00 -
i = 4
E L
N _0-26 ‘ T T T | 0.16 - T T T | 0.12 T T T T
| S —-1.0 =05 0.0 0.5 10 -1.0 -05 0.0 0.5 1.0 00 02 04 06 08 1.0
Vr Vr Vr
: - Ve
- — De ) ] M\MMN-‘%_
i o o i PN L Mw“mﬁ_
] Vi 1 £ Q2 —
] \-) i 458 |
P LR
T T T |I| T ' T T T T T T T
| 30 40 50 60 70 80
r [km]

Fast instability

[ZX, M.-R. Wu, M. George, et al., PRD 109, 123008 (2024)]

12



Global simulation: instability from inside neutrino-sphere

Collisional feedback:

The asymptotic neutrino profiles are
determined by both pairwise FFCs &
collisional weak processes inside neutrino-
sphere.

[ZX, M.-R. Wu, M. George, et al., PRD 109, 123008 (2024)]



Neutrino mean-energy profiles
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Global simulation: instability only inside neutrino-sphere
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Free-streaming energy spectra
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co-determined by both collisions and pairwise FFCs

[ZX, M.-R. Wu, M. George, et al., PRD 109, 123008 (2024)]

NeuTrAE — Zewei Xiong
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Effects of FFCs in neutrino heating

v,+nSsSp+e
increase cooling & reduce heating v,+psn+et

[see also H. Nagakura, PRL 130, 211401 (2023);
J. Ehring, S. Abbar, H.-T. Janka et al, PRL, (2023)]
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Effects of FFCs in nucleosynthesis
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Analytical prescription
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Summary & Outlook

Local FFC simulation in a periodic 1D box
Flavor wave fluctuates in small scales; asymptotic state at the coarse-grained level

Complete flavor equilibration occurs for a ~ 1; angular dependent flavor equilibration
otherwise

e Global FFC simulation in spherically symmetric CCSN snapshots

Flavor wave fluctuates in small scales; asymptotic state at the coarse-grained level
EMLN crossing erased

Collisional feedback: asymptotic neutrino profiles are co-determined by both collisions &
pairwise FFCs when FFls are inside the neutrinosphere.

more production of neutrinos in total amount

can change the order of neutrino fluxes among species ”
affect the net neutrino heating rate & equilibrium Y, @

Implication of prescriptions show excellent
agreement with the vQKE solution. %ﬁ
Outlook:

spherical symmetry? time-dependent matter profiles?
feedback on matter?” muon creations? ...?
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