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TALK PLAN

1. Introduction



Core-Collapse Supernovae

Explosions of massive stars
How do they explode ?

Supernova Remnant

SNI1987A

an Observatory i ..

http://imgsrc.hubblesite.org/hu/db/
1998/08/images/g/formats/web.jpg



http://imgsrc.hubblesite.org/hu/db/1998/08/images/g/formats/web.jpg
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Boltzmann Equation

Neutrino Transport

 On-Shell Condition |
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m,, : aneutrino rest mass

p /l
ax dT ax 57: collision
f : distribution function of neutrinos
x": space time coordinates
. dx"
p" :the four-momentum of a neutrino (E —)
0T

T : the affine parameter of the neutrino trajectory

the metric of (=1 +1 +1+1) ,

the unitofc =G =1

Geodesic Equation
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Ricci Rotation Coefficient
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Affine Connection
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g,,,: metric tensor




Collision Term

of of of
Emission/Absorption

oT

+

emis-abs (s)

+

oT oT

scat (s) pair (s)

Scattering

Pair Process

Electron Capture

Neutrino-Nucleon scattering
e +p<— v, +n [ecp]

Electron-positron pair process
V+ N «<— v+ N [nsc] e +e" < v; +1; [pap]
Anti-Electron Capture Neutrino-Nuclei scattering

Nucleon-nucleon bremsstrahlung
v+ A <«<— v+ A [csc]

e"+n <— v, + p [aecp]

N+N <«<— N+ N+v,+v; [nbr]
Electron Capture on nuclei

Neutrino-Electron scattering

e +A «—— v, + A [eca] V+e «—> V+e [esc]

. Neutrino Number Density S (_) &p =T -T.
s:species (s =v,, V,, V) OT / ottision (s) v

Neutrino Energy Density (u = 0) G pr (5_f) &p [Gl= EGH
Radiation Pressure (u =1, 2, 3) S "\ OT /cotision




Euler Equations

Hydrodynamics
Baryon mass conservation: ( pu“) -0
U
Energy and momentum (T“V). =-G*

conservation:

-I

: U
Lepton number conservation: (neu )_M

Gravitation: G" =8aT"

" =[p(+e)+ Plu"u" - Pg""

v

EOS table (p, Ye, T)

— A¢ — 471;,0 (Newton Approx.)

o : barion density  u : velocity T*" : energy-momentum tensor P : matter pressure

e : specific internal energy density g, : metric tensor n, : electron number density

G": Einstein Tensor ~G" : neutrino radiation energy, G' : neutrino radiation pressure,

I'=sT, —I. : deleptonization rate Y, : electron fraction ( = electron number / barion number)



- Current Status of supernova simulations -

Dimensionality Neutrino
(for Hydro) Full Boltzmann Transport

A\
~ 10 years ago ZD\

1D

Apprpximate
Transport

Canonical Weak
interaction sets

Newto

Most advanced
Weak interaction

. HON
Gravity Weak Interactions

(by Nagakura)

Full GR



Supernova 1987A Rings

Non-Spherically
Symmetric Explosion

Cassiopeia A




- Current Status of supernova simulations -

Dimensionality Neutrino
(for Hydro) Full Boltzmann Transport

~ 10 years ago Apprpximate

~ current status Transport

Canonical Weak
interaction sets

Most advanced
Weak interaction

| HON
Gravity Weak Interactions

(by Nagakura)

Full GR



Various Approximations for Multi-D Neutrino Transfer

\, Ray-by-Ray Approach (MPA, 0ak Ridge, Kotake-Takiwaki-Suwa)

Neutrino-Advection is essentially considered under spherical symmetry.

VvV Moment method
(MPA, Kyoto, Caltech, Basel (Kuroda))

Multiplied by cos Bv and integrated with the neutrino angular
directions, the time-evolution equations of the energy density
and the energy flux can be obtained.

\/ Isotropic Diffusion Source Approximation (IDSA)

(Basel, Kotake-Takiwaki-Suwa)

Neutrinos are decomposed into trapped and streaming parts.

\/ Multi-Group Flux-Limited-Diffusion (MGFLD)

(Oak Ridge, Princeton, Caltech) _ _ _ _
ptically thick Optically thin

The energy flux can be determined to automatically
switch between optically thick limit and thin limit

with the transport cross section. (by Nagakura)




- Current Status of supernova simulations -

Dimensionality Neutrino
(for Hyd ro) Full Boltzmann Transport

~ 10 years ago

Apprpximpte

~ current status 1D

Our Work

Full GR

Canonidhl Weak
interactjon sets

Most advanced
Weak interaction

. HON)
Gravity Weak Interactions

(by Nagakura)




Early Star Formation

Core-Collapse Supernovae Simulations
for 11.2Me and 15Me using Boltzmann-Hydro Code

from collapse (1D) to shock revival/stalled (2D)

NrXNoXNgpXNeXNovXNpy = 384x128x1x20x10x6

Using the most sophisticated neutrino transport code,
we confirm whether explosion occur or not.
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2. Boltzmann-Hydro Code



Boltzmann Equation
(Sumiyoshi and Yamada 2012)

f = f(t, r, 9, ¢, €, U, ¢V)
of

ds® = —dt’ +dr’ +r*(dO” +sin” 0d¢*)
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theunitofc=G =1
Two Energy Grids Approach for Momentum Space

(Nagakura et al. 2014)

Collision term is calculated in the rest frame using Lagrangian Remapped Grid (LRG)

Advection term 1s calculated in the laboratory frame using Laboratory Fixed Grid (LFQG)

laboratory restframe b restframe restframe
5f _d)L(ch) dA dr(éf) gv(éf) _le(é_f)
ot dt \OA ) o, dt dA\OT 0T

collision collision

collision v collision T

Doppler factor

Boltzmann Equation

af u, 0 (r2 )_I_\/l_;ui cosp, o (fsin9)+\/1_‘u§ sing, af

rsinf 00 rsin@ 0

) /1 _ i | . 5 restframe
+li(f(l—,uu))— & C?SH 0 (fs1n¢v)=D (%)

collision




Two Grids Approach for Momentum Space

(Nagakura et al. 2014)

lorentz transformation |
b |
Lagrangian Remapping Grid  Lagrangian Remapping Grid  Laboratory Fixed Grid
(LRG) (LRG) (LFG)

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

angular grid
1s 1dentical

energy grid
1s different

= =

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

:method is impossible:



Moving Mesh

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




Metric of Moving Mesh

(Nagakura et al. 2016)

ds* = (—a? + "By )dt* + 2B;dtdx" + ~;;dx' dz?

a=1 g =V ~wr=1 09 =1> 7 = r’sin”.

a: lapse function Bi: shift vector Yij: spatial 3-metric

i(n yilntl) — i) AR
Vi(n) _ P( ) i(n) i(n) i(il) dt
= ) dv:e)(vitm —yitn—)
dt At(n—1)
i(n) — (n), i(n+1) ri(n 1(n
P — /,0 U, dVPN87 av () _ dV (n) s C(n) + D(n)
dt dt ’
M) = /P(n>dVPN87 o) = (V"é(n) _ ‘_/i(n))/T,
D" = xitm /12,

P': momentum of PNS  M': mass of PNS V' : kick velocity of PNS
vo' : 3-velocity measured in the O-frame

Xm' : deviation of origin from PNS
T : recovering time (=0.1ms)

dVens : angle-averaged o > 1013 g cm-!
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3. Results for 2D Core-Collapse Simulation



Time Evolution of Shock Radius

11.2M R 15M, P
ans ans
250 | Rgain R 250 Rgain 7
Minimum B, —— Minimum &, ——
Averaged R, Averaged R,
= 200 Maximum By, —— | = 20d | Maximum By, —— |
4 150 4 150
3 E
o . i | o ‘,)‘), k)” V 0
M
50 50 H .
0 | | 1 1 | 0 1 | 1 1 |
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time after core bounce [ms] Time after core bounce [ms]

Neutrino-Driven Convection SASI (Standing Accretion Shock Instability)

Oscillation amplitude of the shock Oscillation amplitude of the shock
wave for 11.2Msol is small. wave for 15Msol is large.



Fluid and Neutrinos in the Optically Thin Region

Vector FHeld of Velocity T=2ms
200 20
100 15
0 10
-100 5

-200
-200 -100 0 100

r [kml

Shock wave vigorously oscillate
along the symmetric axis (SASI).

15Msol

Entropy [kg/barion]

Vector FHeld of Hux Factor (nue) T=2ms

200

100

-100

-200
-200 -100 0 100 200

Neutrinos propagate almost along
the radial direction.

Neutrino Number Density [cm™3]



Fluid and Neutrinos in the Optically Thick Region

15Msol

Vector FHeld of Velocity T=2ms Vector FHeld of Hux Factor (nue) T=2ms
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Convection develop around Neutrinos are dragged by matter

the negative Ye gradient. motions In the proto-neutron star.

PNS moves along the symmetric axis. Collision term is calculated with
the full order of v/c

Neutrino Number Density [cm'3]
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4. Toward 3D Core-Collapse Simulation



- Towards Exa-Scale Computing -

Dimensionality Neutrino
(for Hydro) 3D Full Boltzmann Transport

Approximgte
Transpojt

Canonidbl Weak

ewtonian .
. Interactgon sets

Most advanced
Weak interaction

_ FullGR =05
Gravity Weak Interactions

(by Nagakura)



3D Core-Collapse Simulations

Vector Feld of Velocity T=400 ms Vector Feld of Flux Factor (nue)

Ye

50 -25 0 25
r [kml r [kml

T=400 ms

-4 10%
-4 10%

| 1034

10 33

103
50

- Courant condition become severe for the spherical coordinate grid for 3D.

- The central region at the baryon density o > 10'* g cm-3 (blue circle)
Is excised from the computational region.

Neutrino Number Density [cm™3]



Inner Boundary Condition for Boltzmann Equation

E = 1 [MeV] (nue) E = § [MeV] (nue)
1 L] L) 1 1 A Ll T 1 L L L] ) ' ' Ll
-ID -n ° o :g:; + -ID . . ° :g:; '
T Fermi Dirac arg=3. T Fermi Dirac ey &
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- : ° ang=7 ° - : :. o am:? L
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S| it ® ang=10 = +*
§ 2
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210 : A .« L. .
Radial 9 :  Fermi Dirac Distribution
SO Inner Boundary

1

Direction 775 =
OO 1+eXp[(E,-—M,-)/kT]

P ~10'* [g/cm3] F(E;)



Research Plan for Exa-Scale Computing

1D spherically symmetric simulation = GR

- EOS, weak reaction rate (2014 -)

2D axisymmetric simulation = GR

- Non-rotational (2015 - 2016)/ rotational (2016 - 2017) models

2D neutrino-driven convection and turbulent flow, sloshing mode of SASI, PNS kick

3D simulation = GR

- Non-rotational/rotational models without the central region (2016 -)

3D neutrino-driven convection and turbulent flow, sloshing/spiral mode of SASI

- Non-rotational/rotational models with the central region (2018 -)
PNS kick/spin

+ Validation and improvement of approximative neutrino transport method

+ Gravitational wave and neutrino observations
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5. Summary



Summary

Core-Collapse Supernovae Simulations
for 11.2Me and 15Me using Boltzmann-Hydro Code

from collapse (1D) to shock revival/stalled (2D)

- Both 11.2Msol and 15Msol progenitor models do not explode.

- Neutrino-driven convection and SASI appear for 11.2Msol and 15Msol,
respectively, in the optically thin region

- Convection triggered by negative Ye gradient develop for both 11.2Msol and
15Msol in the optically thick region.

- Neutrinos are dragged by matter in the optically thick region, while they
propagate almost along the radial direction in the optically thin region.

- 3D simulation is the next target for the development of Boltzmann-Hydro code.



