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Abstract: The current understanding of the mechanism of core-collapse
SNe), the death of massive stars and the main formation channel of compa
neutron stars and black holes, is reviewe broad readers who may not be familia
e hence put an emphasis more on the physica ects than on the summar
although there is no doubt that the large-scale hi lity simulations have >
important roles in the progre ¢ t few decades. There is no
doubt, either, that neutrinos are the sir agent in producing one of the most
events in the uni . The so-called neutri sm will be the fo i
iew and its crucial ingredients i icro- a ph ell as in numeri
explained one by one. We will also try to elucidate what are the remaining issues.
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- Observational Phenomenology

Progenitor mass: > 10 Msun

1 event /galaxy/ 100 yrs

. 51
Explosion energy: 10 erg

Nickel mass: 0.1Msun

Neutron star remnant

. . . 53
Neutrino emission: 10 erg

Long GRB — CCSN association
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Standard Model of Core-Collapse Supernovae
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Explosions occur across a wide progenitor mass

Shock evolution for different progenitors
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Neutrino-heating mechanism

Janka 2001
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Basic Equations

: Continuity Equation
: Energy Momentum Conservation
: Lepton number Conservation

: Maxwell Equation

: Einstein Equation

Mﬁ n dp' Of - (5_f)601 : Boltzmann Equation

Ot dr 8pi o ST (Neutrino Transfer)

v p




Modeling of neutrino radiation field: kinetic treatment is necessary

Figure by Janka 2017
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Boltzmann neutrino transport

o OF dp' of (ﬁ) |
col

Jxt  dr Opt 0T

(Time evolution + Advection Term) (Collision Term)

6 dimensional phase space
AN = f(t,p,x)d’pd’x

@® Neutrino
Conservative form of GR Boltzmann eq.
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Various Approximations for Multi-D Neutrino Transfer
See Mezzacappa et al. 2020

\, Ray-by-Ray Approach (uTk-0ak Ridge, MPA)
Neutrino-transport is essentially same as spherical symmetry.

\, Isotropic Diffusion Source Approximation (IDSA)
(Basel, Japan)

Neutrinos are decomposed into trapped and streaming parts.

Two reduced equations are coupled by each source term, which is Schematic picture of
approximately described under diffusion treatment. ray-by-ray approach
(See e.g., Berninger et al. 2013) (Lentz et al. 2012)
BV (v —
\y Moment method M oo /f 7)oy v)pmpm,..plakd%
(UTK-Oak Ridge, Princeton, Michigan) Shibata et al. 2011

Neutrino angular direction is integrated. The so-called “closure relation” is imposed
in the higher moment.

\/ Multi-Group Flux-Limited-Diffusion (MGFLD)
(UTK-Oak Ridge)

Neutrino Transports are treated as the Energy-Dependent Diffusion Equation.



Numerical methods for Boltzmann solver

Boltzmann equation in flat space time Distribution function (7D)

f:f(t7r707¢7y70_7q_5)

L9 (fcos@rz)—I—FSilnH%(fsianichos(o) 1.t time
o . . 11 9, . 2. r: radius
rsin@%(f sin6sin ) — 7sind 90 (fsin“0) 3. ©: zenith angle (real)
9 cotd - 4. ¢: azimuthal angle (real)
"0 (f . SIHQSHMD) = Srad- 5. v: energy

6. 0: zenith angle (momentum)

1. Discrete-ordinate Sn method 7. ¢: azimuthal angle (momentum)

\/ Finite difference discretization of 7 dimensional Boltzmann equation.

2. Boltzmann equation is 7D, integral, partial-differential equation

2
SEF (1, Q) = — (<2V7T))3 / d€Y Rocar(£2,92) x (f(l/a Q) — f(v, Q2 )> (Isoenergy-Scattering)

3. Indispensable to use implicit (or semi-Implicit) time evolution

\/ Boltzmann equation possesses characteristics of “stiff equation”.



Boltzmann neutrino transport

()]

(Time evolution + Advection Term) (Collision Term)

6 dimensional phase space
AN = f(t,p,x)d’pd’x

Conservative form of GR Boltzmann eq.
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Nuclear-statistical Equilibrium EOS
Hempel et al. 2011, Furusawa et al. 2011, Steiner et al. 2013 and Furusawa, H.N et al. 2017

Mass fractions |
of nuclei

proton number Z

Shen EOS (SNA)

Mass number




Lepton Sectors (including muons):

Basic Sets: Ve & Ve = Ux T Iy Buras et al. (2003),
asSIC Sets. 1 + 1,(7) = ”.’r 4 1,2(,-,6{) Fischer et al. (2009)
Uy N = Bruenn (1985
_e ( ) v4pum 2V 4+ v+t =20+ ,u,+,

n,p = Bruenn (1985) Vot e 2vetp |Tutet 2T+ put
v, A’ = e~ A Bruenn (1985) I v, + Ve +e 2pu | Uutrvetet 2put
v N= v N  Bruenn (1985) Vete 2V, +p fvetet 2v, +put
vA=rVA Bruenn (1985), vutn2ptp Bv.+p2ntput
Horowitz (1997
" n ( ) Bollig et al. ‘18
v et = v e~ Bruenn (1985)

Weak Interactions

/

Muon Contribution

¢~ e¢™ = v Bruenn (1985) §20.0-SFHo

NN = voNN Hannestad & =
[ | — Muons
Raffelt (1998) [ J‘ — Mﬂgﬂgi\sl{;?rlmgeneswVirial
Lentz et al. 2011, Kotake et al. 2018 &
See also Burrows et al. 2004
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Weak Interactions Hadron Sectors (Nucleon scattering):

Basic Sets:
Uy N =€ P
o,p=-e"n
v, Al = e A
vVN=vN
vVA=UVA

Vet = et
e et =vrw
NN = vioNN

Lentz et al. 2011, Kotake et al. 2018 i Without Strangeness
See also Burrows et al. 2004

Mass accretion

Qck region)
Co

region

Neutrino cooling A

Proto-neutron star

Nucleon Neutral Weak Current
Bruenn (1985) Ju = (N FLU(Q*) v + Fo(Q%)ouwa” + Ga(Q%) 5| N (p))
Bruenn (1985) Weak magnetism

Bruenn (1985) Updates
Bruenn (1985)
Bruenn (1985), -
Horowitz (1997) = T 025 — costn, + 1)
Bruenn (1985) + (1 +cosO)n,Sy].  Many-body corrections
Bruenn (1985)
Hannestad &
Raffelt (1998)
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The spin (axial) S, response

Horowitz et al. 2017




- Nucleon bremsstrahlung of neutrino pairs

V' Major production channel of muon- and tau- neutrinos
\ Major role in proto-neutron star cooling phase

0 =4x10*gecm™3 p=4x1023gcm™3 p=4x1012gcm3

—— OPE formalism
—— T-matrix formalism
—— NNBrem simplified
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- Weak reactions with light nuclei

Furusawa et al. 2013, Nagakura et al. 2019, Furusawa and Nagakura 2022

c
[=]
o
-
Q
m
o
'S
“
)
L)
b =

red: deuteron
green:triton, He3
blue:He4

Aqua: heavy nuclei

t=+0006ns

1508 200
Radius [knl

Ve +2H+— e +p+p,

U +°H+— et +n+n,

Ve +n+n+— e +2H,

Ve +p+p+— e +2H,
ve +3 H +— e~ +3 He,
: ug-+3lﬂe et +3H.

Nagakura et al. 2019

Multi-nuclear treatments of EOS are mandatory for precise

computations of nuclear-weak reaction rates
Hempel et al. 2011, Furusawa et al. 2011, Steiner et al. 2013 and Furusawa, H.N et al. 2017



- 3D CCSN simulations with full Boltzmann neutrino transport

Iwakami et al. 2020, 2021
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Vv GR simulations with full Boltzmann neutrino transport

0.0001 s

50 Gravitational redshift in Black hole spacetime
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- Towards first-principles CCSN simulations

Dimensionality Beyond Boltzmann (QKE) trino

(for Hydro) Full Boltzmann ransport
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Normal

atmospheric
~2x1073%eV?

—
solar~7x10 ¢ V2

Neutrino oscillations

There are many experimental evidences that neutrinos
can go through flavor conversion.

Neutrinos have at least three different masses.

Flavor eigenstates are different from mass eigenstates.

Credit:BBC

Mass state

Vo) =
Flavor state

U represents
Pontecorvo—Maki—Nakagawa—Sakata matrix
(PMNS matrix)

i

Uel UeZ Ue3
U= Uul U:u? Uu?)

UTl UT2 UT3

I 0 0 ci3 0 size ™ ci2  s1g 07 [ei/? 0
= 0 C23 S23 0 1 0 —812 C12 0 0 eia2//'2
0 —s23 co3 —813 e 0 C13 0 0 1 0

—38 ; 9
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. - o
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=

atmospheric
~2x1073eV?

i
—C12523 — S12C23813€" C23C13

Feruglio et al. 2003



Neutrino oscillation with a plane-wave picture

phase ¢; = E;t — p;

High matter density Time

Boltzmann transport becomes a
reasonable approximation.



Neutrino oscillation induced by self-interactions

Pantalone 1992

Sea of neutrinos

5 g

\/\/\

1. Refractions by self-interactions induce neutrino flavor conversions, which is analogy
to matter effects (e.g., MSW resonance).

2. The oscillation timescale is much shorter than the global scale of CCSN/BNSM.

3. Collective neutrino oscillation induced by neutrino-self interactions commonly
occurs in CCSNe and BNSM environments.
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Huge disparity of scales between neutrino oscillations and other ingredients

—_— 1/Ar —_ Vv, =0)
—— 6Mi/(2E) «+«» adjusted V,,(v,=0)
— = 6m2/(2E) Xe(E)
— Vmat Xel(E)
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Xiong et al. 2023
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Vlasenko et al. 2014, Volpe 2015,
Blaschke et al. 2016, Richers et al. 2019

Quantum Kinetics neutrino transport:

Advection terms Collision term Oscillation term
(Same as Boltz eq.)

fis not a
“distribution function”

Hamiltonian

(=) (=) (=) (=)
H = Hvac+ Hmat+ Hl/l/a

| md 0 0
Hy,, =—U|[O0 m% 0 |UT

2v N
0 0 m3

Density matrix
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Rich flavor-conversion phenomena
driven by neutrino-neutrino self-interactions

B Am?
Vacuum: «= 55~

- Slow-mode (Duan et al. 2010)
Matter: ) — \2Gn.,

- Energy-dependent flavor conversion occurs. Self-int: |, — 3G ,n,,
- The frequency of the flavor conversion is proportional to -\

- Fast-mode (FFC) (sawyer 2005)

* Collective neutrino oscillation in the limit of w = 0.
- The frequency of the flavor conversion is proportional to
= Anisotropy of neutrino angular distributions drives the fast flavor-conversion.

- Collisional instability (Johns 2021)

- Asymmetries of matter interactions between neutrinos and anti-neutrinos

drive flavor conversion. _ _
[: Matter-interaction rate

- Matter-neutrino resonance (Malkus et al. 2012)

- The resonance potentially occur in BNSM/Collapsar environment (but not in CCSN).

* Essentially the same mechanism as MSW resonance.
A+ p] ~ |
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Linear stability analysis of flavor instabilities

Dispersion relation approach

Example: FFC (lzaguirre et al. 2017) 1. Decomposing traceless part

2. Linearizing QKE equation

jl‘/e +f1l/ jl‘/e - le/x SV SV
3. Plane-wave ansatz

= . .
P SF —s,

2 2
Momentum-space 4. Computing Dispersion relation
(0 +v-V)S, integration

= VA, + B, + [ AT Gy, 0.020

= 0.015
s

S, = Q,exp[—i(Q2t — k - r)].

3 0.010
yHpY

T = piv 4 f TG,

vk, 0.005

= v — f arGg,—-r

w—v-k

( G‘, = \/EGFJ,;e (V), )

0.000
-05 -04 -03 -0.2 -0.1 0.0 0.1 0.2

k[em™]

det II =
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FFC and CFl can occur in CCSNe

Collisional flavor instability (CFl)

Fast neutrino-flavor conversion (FFC)

Space-time diagram of ELN-angular crossings in CCSNe

Shock wave Type | crossings [Exp-only]

¥ Type Il crossings (nucleon-scattering + a~1 + cold matter)
(neutrino absorption)

Type Il crossings [Exp-only]
(asymmetric v emission)

(- Any type of crossings (PNS convection)

Nagakura et al. PRD 2021

20 40 60 &0
x (km)

Akaho et al. 2023
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- Non-linear phase (local simulations of FFC)

Time 0000 [u~1]
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Stability condition
(disappearance of ELN-XLN crossings)

o
o

/ a6 ~ ~ ~
A2 V2R A SR A N o A 2
v AR TR o NS

©
N

ee

Averaged survival probability

Zaizen and Nagakura 2022
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- Need of global simulations in the study of flavor conversions in CCSN/BNSM

Neutrino ‘
number density P

f

»

B 4

v

0 Cos © 1

A : T ’ Fx ()
Hoy = V30r [ G850 -3 lyt0) (1) = (@)

Self-interaction potential
depends on neutrino angular
distributions in momentum space

Optically thick region
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- Global simulations:

< < < < < < <

General-relativistic quantum-kinetic neutrino transport (GRQKNT)
Nagakura 2022

(-) NG
Mﬁ dp® O f (—) (=) (=)

— _p'uu,u S col z'p“nu[H, f ]7

P own * dr Op*

Fully general relativistic (3+1 formalism) neutrino transport
Multi-Dimension (6-dimensional phase space)

Neutrino matter interactions (emission, absorption, and scatterings)
Neutrino Hamiltonian potential of vacuum, matter, and self-interaction

3 flavors + their anti-neutrinos

Solving the equation with Sn method (explicit evolution: WENO-5th order)
Hybrid OpenMP/MPI parallelization
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Time-dependent global simulations of FFC

Nagakura and Zaizen PRL 2022, PRD 2023

En,, =c Tnl,

Oscillation wavelength is an order of sub-centimeter.

L, -
—0235cm | — 2
0.235 cm (4 > 1052erg/s) Too short !!!!
Eave R 2 K
12MeV /) \ 50km 1/3

- Strategy:

How can we make FFC simulations tractable???

1 0

Lo )
rsinf, 00, (5076, f)

Attenuation parameter (0= €= 1)

\/ Attenuating Hamiltonian makes global QKE simulations tractable.

\/ Realistic features can be extracted by a convergence study of € (- 1).
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Temporal and quasi-steady features of FFC in global scale
(1D in space + 1D angle in momentum space)

] Time-ave

Model-I'1

fXX

(fee + fxx)

70 80

Radius [km]

Radius [km] Radius [km] Radius [km]
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Attenuating Hamiltonian potential does not change

the degree of flavor conversion in asymptotic states.
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- Global Simulations of FFC (in CCSN) Nagakura PRL 2023

Numerical setup:

Collision terms are switched on.

Fluid-profiles are taken from a
CCSN simulation.

General relativistic effects are

!/ NFc(H=R=0) — taken into account.

M3F ——
M3FGR
M2F —— Three-flavor framework

M3FH

A wide spatial region is covered.
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Neutrino-cooling is enhanced by FFCs » Impacts on the
Neutrino-heating is suppressed by FFCs explodability of CCSN




Fast flavor swap would be ubiquitous in BNSM
Zaizen and Nagakura 2024

- Colliding-beam model

=
|
%
z
-
w

P;= 1 : electron-type Unstable
P3= O : equipartition Non-steady
P3 = -1 : heavy-lepton type Stable

Neutrinos undergo flavor swaps in asymptotic states.
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Collisional flavor swap

(associated with collisional instability)
Kato, Nagakura, and Johns 2024

ve,w diagonal reaction
v.,w diagonal reaction

4x1078% 6x1078
t[s]




- BGK SUbgrid mOdEI Nagakura et al. 2024

of dp® Of .
P o+ g gy = S i, ) R

of  dp' of 1 N N
w_—L — = —p"u, S+ p"n,—(f — ) IEEEECH iR g dnElde]y
ook T oy pHu,S +p M (f =1 Pp
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- Neutron star kick powered by neutrino flavor conversions
Nagakura and Sumiyoshi 2024
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Summary

Radiation-hydrodynamic simulations under classical treatments of neutrino kinetics
have been matured in CCSN theory.

Collective neutrino oscillations, one of the quantum kinetics features of neutrinos,
ubiquitously occur in CCSN and BNSM environments.

Fast neutrino-flavor conversion (FFC) and collisional flavor instabilities potentially
gives a huge impact on fluid-dynamics, nucleosynthesis, and neutrino signal.

We developed a new GRQKNT code for time-dependent global simulations of
neutrino quantum kinetics (QKE).

Global simulations are currently available, that show qualitatively different features
of flavor conversions from those found in local simulations.

More discussions will be made for astrophysical consequences of flavor conversions.
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