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1. Introduction
1. Collective oscillation & Flavor instability

2. Recent understandings (<1 yr.)

1. What do we know about flavor conversion in CCSNe?
2. What's left to do?

3. My current task
1. Flavor conversion induced by nucleon scattering
2. Linear stability analysis



Neutrino Oscillation in CCSN

(Boltzmann) neutrino transport
+ Quantum kinetics

Neutrino heating Observation
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Impacts on CCSN

Ehring+ PRL 23
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Assume that flavor conversion (flavor equilibrium) occurs at a critical
matter density roughly.

Impact the explodability by changing heating & cooling at the location
of the occurrence of flavor conversion.

Need more detailed analysis for flavor conversion!!



Quantum Kinetics

Quantum Kinetic Equation:

(at + v - V),O = —1 [Hvac + Hmat + HW/) ,0] + Ccol

Neutrino self-interactions
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Dense neutrino gases
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Instability Modes

Quantum Kinetic Equation:

(at + v - V),O — _1 Vac: _l_ Hmat + Hl/l/) ,0 + Ccol

Slow flavor
instability
By energy crossing

Tslow ™~ 0( V :U’wV)_l Fast flavor
€8 instability (FFC)

Duan+ 06,
Chakraborty+ ‘16 By angular crossing
Collisional flavor

Trast ~ O(1™ 1) ~ O(Grnw) ™ 1 ciability (CFI)

€8 : o .

Sawyer 05 & 16, Izaguirre+ 17, By disparity in collision rates
1 7 _1 _1

Wu+ 22, MZ+ 23 ... Teol ~ O(y/ )™+ — O(T)

e.g.,

Johns 23 & 22, Duan+ 22, Xiong+ 23,

Liu+ '23a & ’23b, Kato+ ‘23, Akaho+ ‘23 ...
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Fast Flavor Conversion (FFC)

Fast Flavor Conversions (FFC)
- Short scale of ~ (Gyn,)' < O(cm) or O(ns). << stellar scale-height
- Triggered by “"angular crossings” in neutrino lepton number.

Izaguirre+ “17

Neutrino-flavor lepton number (NFLN) angular distribution.
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Collisional Flavor Instability (CFI)

Quantum Kinetic Equation:

(at T V),O = —1 [HVI/7 :0] T CCOI[IO]

Collision decoheres neutrinos. o= (f Ve Seac)
_ *
— Usually suppress flavor instability Sex v
Shalgar+ ‘21, Kato+ '21, Sasaki+ ‘22 ST B
Martin+ 21, Sigl 22, Johns+ 22 CCOI [,0 ] 2 {dlag(rev Fw)? Peq ,0}

Off-diagonal components:
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(Relatively slower scale)
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Flavor Instability in CCSNe

CFI for emission & absorption occurs universally regardless of

progenitor mass even for 1D model. ,
Liu+ PRD "23b
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Flavor Instability in CCSNe

For 2D model, the regions of CFI and FFC are almost decoupled.
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Sub-grid Model

Sub-grid model for neutrino oscillation term in QKE:
Bhatnagar-Gross-Krook (BGK) relaxation-time prescription

of | dp' of
p2J
P oun * dr Op’

— _puu,us + Z.p'un,u [Ha f]a

Nagakura, Johns, & MZ '23
BGK relaxation

of dp' Of 1
p ) P M Py — (f _ fa
8:[:“—'_617' op’ Pruus +p n”Ta(f 1%)

p

7, : Growth rate corresponding to flavor instability
f. : Asymptotic states for neutrino density matrix

Flavor evolution can be reproduced on lower
resolution with sub-grid model (for FFC) —

How are asymptotic states
for each flavor instability determined?




Asymptotic States for FFC
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Asymptotic States for CFI

Angular crossing in ELN-XLN induces flavor instability,
and FFC stabilizes the system.
So simple.
(But we still have some questions in FFC.)

Then, what determines asymptotic states for CFI?
— We haven’t found it yet.

Maybe CFI proceeds until the system is stabilized?
— What determines the stability of CFI?
— CFI is more complicated than FFC.

FFC is driven only by neutrino self-interactions.

Therefore, the asymptotic states are also determined only by neutrino
distributions.
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Asymptotic States for CFI

CFI is more complicated than FFC.
(at T V),O = —1 [va /0] + Ceol [IO]

1. CFI is induced by both their self-interactions and collision term.
— Need to consider the combination for asymptotic states.

2. Also, the growth rate is scaled by collision rates.
— Neutrino distributions are relaxed during flavor evolution.

3. Also, collision term contains a variety of neutrino reactions.
e.g., emission & absorption,
scattering off nucleons & electrons,
(include recoil and weak-magnetism)
pair processes, ...
— Need to consider asymptotic states for each reaction.
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CFI for scattering

Neutrino distributions are relaxed during flavor evolution.
Linear stability analysis assumes that background is stationary.

Scattering isotropizes neutrino angular distributions and the process is
non-stationary.

— Anisotropy = collisions + inhomogeneity (advection)

(O +v-V)p=—iHza, p| +Cnns

ﬂ OFF = Classical transport

(O +v-V)p=—i[H,, p| +CnNs

ON = Quantum kinetic transport
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Test Calculations

Oy +v-V)p=—i[H,., p| +CxNs

How = 10, / EPAEAQ (1 — v -v)(p — af)

Initially electron-type only.
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Evolution of CFI

Oth angular moment of density matrix:

diagonal. :number density
off-diagonal : flavor correlation.

Flavor instability grows with
advection (see bottom panel).

1.50 A

—— t=00000
—— t=02000
—— t=04000

0th moment of pee

—— t=06000
—— t=10000
—— t=50000

1.25 -
1.00 -
0.75 1
0501 ,
0.25 - ;5,‘;.'.:.-.:--»*"*'3'.*-*&--1
'&:.. AT
0.00 -
0 500 1000 1500 2000 2500 3000 3500 4000
Off-diagonal
107! '\ 0th moment of Pex
10-2 “"\"'\A‘ 2/ W —— t=00000 —— t=06000
l]"ﬁ‘w.’r i A indi 1“\“"_, —— t=02000 —— t=10000
- (VAN M ',?'“H A M t=04000  — t=50000
10-3 f ‘,‘ N‘M‘ ] \Q‘qi.‘{w m 2
T
1074

|"'“"|""' |

10-5
1076 ;/””)' /”///'
10-7 AT Vavey. >
10-8
0 500 1000 1500 2000 2500 3000 3500 4000

Space z[u™!]

17



Asymptotic States for CFI
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Heavy-leptonic neutrinos v, is generated by CFL

Quantum kinetic neutrino transport works well.
— Stability?
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1. Quantum kinetics for neutrinos dramatically changes the neutrino-
radiation field.

2. Collective neutrino oscillation induced by their self-interactions,
particularly fast & collisional flavor instability, emerges universally
in CCSNe.

3. Approximate scheme as sub-grid model for neutrino flavor
conversion has been developed.

1. Need corresponding asymptotic state and growth rate.
2.  Preparation for fast flavor conversion (FFC) is ok.
3.  But that for collisional flavor instability (CFI) remains unexplored.

4. We investigate CFI driven by nucleon scatterings
1. Flavor conversion for flavor-blind scattering process appears.
2. Under the preparation of linear stability analysis for scattering.
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