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Boltzmann Equation

Neutrino Radiation

Neutrino distribution function Boltzmann Equation in the spherical coordinate
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Collision Terms
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+ Remis(e, Q)[1 — f(e. )] % [1— f(¢/, Q)]+ % / dQ Roeu(e, Qs £, Q)

X f(s/a Q/)[l - f(g’ Q)]’

(Sf de’ 8/2
St | = Qn)y / d<Y Ryair-anni(€, £2; &', Q) ()’ denotes the angle variables after/before the scattering
pair

_ g2 f(&', Q') denotes the distribution of anti-neutrinos,
< FeFE @)+ [ T [ 0 Ryiamite, . 2) o T
J @) which is the angle-averaged distribution in the
x [1— fe, D1 — f(&', QY] previous time step.
 Neut - of 3
. Neutrino Number Density | QR dp |I'=T -T-
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Euler Equations

Hydrodynamics
L , op 0 :
Continuity Equation: —+—(pv')=0
yE4 ot ax’( )
. . d J , Y
Equations of Motion: —(pv.)+—(pvVv’ + Pd |=-p——-G"
q (o) + (e /)=-p->
— a1l J (1 ~ 0y [ o
Energy Equation: 5(Epv +e)+§ (Epv +e+P)v’}=—pv’§—G
Time-Evolution Equation of Electron Number: 9 [Py, + a‘ PY, vi|l=4dr
dt\m, ) ox'\m,
1D Poisson's equation for gravity: AY=4xGp

EOS table of Nuclear Matter: P=P(p,T,Y)

p :density, v: velocity, P: pressure, e: internal energy, y: the gravitational potential,
G : the gravitational constant (=6.67x10™*[cm’g"'s”]), Y,: electron fraction, T : temperature,

m,: the atomic mass unit, G" : neutrino heating rate, G' : neutrino radiation pressure,
I': deleptonization rate (=I', —I" ), I’ : neutrino reaction rate



Approximation of Neutrino Transport

* Leakage Scheme
 Light Bulb Approximation
* Ray-by-Ray Approach

* IDSA (Isotropic Diffusion Source
Approximation)

« Moment method

Optically thick Optically thin

- MGFLD (Multi-Group Flux Limited L

o 9
Diffusion) method 56 J‘f’; |
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Current Status of Supernovae Simulation
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1) Two Grids Approach for Momentum Space
(Nagakura et al. 2014)

lorentz transformation

’ !

Lagrangian Remapping Grid Lagrangian Remapping Grid  Laboratory Fixed Grid
(LRG) (LRG) (LFG)

(Fluid-rest Frame) (Laboratory Frame) (Laboratory Frame)

angular grid
is identical

energy grid
1s different

=

fis fis
invariant interpolated
Right-hand side of Boltzmann T Left-hand side of Boltzmann
equation (collision term) is o . equation (advection term) is
calculated by using this frame . the fully-implicit calculated with this frame

:method is impossible ;



2) Moving Mesh Approach

(Nagakura et al. 2016)

Proto-neutron star moves by non-spherically symmetric distribution
of the matter around it.

Boltzmann-Hydro equation in the 3+1 formalism of general relativity (GR)

World line of coordinate origin

a: lapse function Bi: shift vector

I

n: unit vector normal to the spatial hyper-surface with t = constant




3) Furusawa Togashi1 EOS

(Furusawa et al. 2017)

"""""""""""""""""""""""""""""""""""""""""""""

i LS EOS (Lattimer & Swesty)

. —RLRETEYECH IR R RV LR @A, | _fwﬂ%ﬁﬁi]
. ZEBORTFREB—DRFEZTIEL, : | sETEmn

___________________________________________________________________________
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. SEORTFHE B—DREFIL TR .
i = f
| FS EOS (Furusawa et al. § é ;
 —HBETEMECN UENRNTASEREER. 5 |
 SREBEZER, g f
. FT EOS (Furusawa-Togashi) 3 b
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Current Status of Supernovae Simulation

Dimensionality
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Current Status of Supernovae Simulation

Dimensionality
3D
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Density [g/cm’]

1e+15

Numerical Setting for 3D Simulations
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Movies of Entropy Iso-Surfaces and Velocity Vectors

Hydrodynamical physical quantities
2D

Velocity [cm/s] . Velocity [cm/s) . Velocity [cm/s)
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Movies of Number Density Iso-Surfaces and Neutrino Flux Factor Vectors

Neutrino physical quantities

1D 2D 3D

Flux factor [cm/s]
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Neutrino Distribution Function in 1D spherically symmetric space
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Momentum Space
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Neutrino Distribution Function in 2D axisymmetric space
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Neutrino Distribution Function in 3D non-axisymmetric space

Medium (30km) Thin (60km)
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Comparison of Eddington-Tensor between M1 method and Boltzmann

Definition

. pU
Eddington tensor: ki = =

Vv

M1 method
Pa =L+ 2 g
P = By, E <5§f <£j
thin Voo
P(j)f o N 4 gvz‘vj } N H(ﬁ) Vi H(i)

thick

Radiation pressure tensor: p]fj

P,y )thick

Radiation energy: ',

Boltzmann

. de &2
ij _ Qcn:n .
b= ,/ (2m)3 /d enin; (€, £)

3+ 4F? _ W/ZJF(VZ)F(V% 1/2
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Comparison of Eddington-Tensor between M1 method and Boltzmann
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Comparison of Eddington-Tensor between M1 method and Boltzmann
Energy @ Fluid Rest-Flame 3.3MeV
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Eigen Values and Vectors of Eddington-Tensor for M1 method and Boltzmann

Medium (30km) Energy @ Fluid Rest-Flame 3.3MeV
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Eigen Values and Vectors of Eddington-Tensor for M1 method and Boltzmann

Medium (30km) Energy @ Fluid Rest-Flame 3.3MeV
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Medium (30km)

Reconstruction of f in the momentum space

Thin (60km)

o0

I
f@©,0,1)= Z Z c'(t) Y"(6, ¢). at each & (0, ®)

[=0 m=-I

. e [2k+1 (k—|m|)!
ym 9, A = (—1 (m+|m|)/2 |', |m|
¢ (6:9)=(=1) \a' i (k+|m|)! " *

(cosf) '™

2w T
ﬁ*(:):[) do i do sinf f(6,¢,1)Y"™ @0, p)

complex conjugate *

&
(9’¢) — (Hﬁne’¢ﬁne)

@ 00 l
f (Hﬁne’(bﬁm-v ) Z Z ‘(1) Y'"( f"e, fine ) at each E(ane ¢ﬁn€)

=0 m=-I|

have to be truncated because of finite discretized mesh



Reconstruction of f in the momentum space
NvexNvgxNvy,=16x6x6—16 x 24 x 48 [=3, |m|=1

Medium (30km) Thin (60km) Medium (30km) Thin (60km)

20MeV




High Resolution Simulations for the Momentum Space
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