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Radiation hydrodynamic simulations have been conducted for
applications of laser produced plasmas and other hypersonic flows
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- Hydrodynamic instabilities in ICF target

- High-temperature plasma as x-ray source
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SUMMARY

Standing accretion shock instability has been investigated by 2D
axisymmetric simulations with steady-state solution

* Linear growth of the perturbation was found for low-l modes with
neutrino heating

« 2D axisymmetric simulations suggest that SASI can trigger the
explosion from the stalled shock wave

- Additional neutrino heating of neutrino-He inelastic scattering is
enhanced by SASI but may play a minor role on a successful
explosion

* It seems to be difficult that the pressure perturbation which is
mimic of g-mode excites SASI due to the impedance mismatch



1D simulations can NOT succeed a core-collapse supernova explosion
even with including neutrino heating
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Any multi-dimensional effects are required to explain a core-
collapse supernova explosion.



Standing Accretion Shock Instability (SASI) can be observed in
adiabatic supernova simulations
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Governing equations without self-gravity effect

¢ Huid equations and advection of electron fraction (electron mass conser-

vation)
dp
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Heating of electron-type neutrino and antineutrino is taken into account
assuming constant emission from central object

¢ heating rate and electron generation rate

dre

Qe =~ [ €4eli(0) = (7(6) + 5(e) £(0)

mp dme

Q=i [ @deli@ — (59 () £(0)

{é = —1 (for electron-type neutrino)

=1 (for electron-type antineutrino)

¢ neutrino distribution function with given luminosity and temperature
T
L, = (E‘-’TT;,?) (47r7)

1 2T (1 — /11— I:r'w"*.r'jng
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Initial profiles are determined by solving steady state equations

(Yamasaki & Yamada 2005)
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Numerical conditions

« axisymmetric (based on ZEUS-2D)
- tabulated EOS by Shen et al. (1998)
- fixed condition of the outer boundary with unperturbed state

- free outflow of the inner boundary except for the radial velocity

2/..2° -
vr0 = 0. 1(ry/ry) with constant v,

(other variables in the ghost mesh are copied with the most inner values)

* mass accretion rate and mass of the central object are fixed with
f\/[ — 1 1'\/[[5_-.-;. S_l dall d 1"/[in — l 4 ;'\/[[;-_-.;.

« T, =4 MeVand T,

|

5 MeV.

* velocity perturbation is initially imposed on the whole flowfield
v (r, 0) = 0P (r) + dv,(r, 0)
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SASI occurs also with neutrino heating and leads to explode with high

neutrino luminosity

w/ 1% velocity perturbation
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Amplitude of shock surface perturbation exponentially grows during
~100 ms
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i Notes.—L, represents the model luminosities. The growth rate and the oscillation frequency, denoted as v and w, respectively,
are obtained by least-squares fitting to the numerical results in the linear regime. The quantity R, cqu; is the initial shock radius, and
w; is the distance between the shock radius and the neutrinosphere; wy = R, cquil — 7. The frequencies associated with the
advection and the soun%l propagation between the shock and the neutrinosphere are denoted as w,qgy and wgyg, respectively, and are
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1
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Fic. 5.—Temporal evolutions of the normalized amplitudes of the / = 1,2
modes for the model with L, = 5.5 x 10°% ergs s~!. The dot-dashed line rep-
resents the fitting in the linear phase.

(Ohnishi et al. 2006)



Lower modes are dominated even if the simulation starts with random
moulti-mode perturbations

RN RN
10° 102 107 10° 10° 102 107 10°
Normalized Amplitude, |a/a,| Normalized Amplitude, |a/a|
el )
300 R | 300 |
.-
250 ; — 250 —
—
200 N — 200 —
= £
‘o> 150 == . ‘5 150 |
£ - £
= = =
-
100 - — 100 — —
50 ~ — 50 —
0 | | | | | 0 | | | | |
5 10 15 20 25 5 10 15 20 25

Fic. 6.—Temporal evolutions of the spectra in the spherical harmonics decomposition for the models with L, = 3.0 x 10°% ergs s~! (leff) and L, = 5.5 x 10°?
ergs s~ (right). The random multimode velocity perturbations are initially added.



SASI may enhance inelastic scattering due to Helium production at

shock front

e incoherent scattering by neuelei (v + (4, 4) — v 4 (4, 2)")
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e hOtting formula of neutral-current cross section
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¢ parameters of neutral-current cross section for *He

o =1.24 . 104 MeV em?, 3 =382, T = 2.54 MeV

Inelastic scattering can be estimated by a
fitting formula (Haxton 1988)
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Z[107cm)

Explosion is failed with incoherent scattering, but succeeded with an
additional artificial factor

L, = 5.9x1052 erg/s
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Many simulations indicate that the inelastic scattering does not
contribute so much to the successful explosion

TABLE 1 10° ¢ . . . . .
MobEL PARAMETERS .
Lz/e Ohnel v,/ U}D T Vi

Model (1032 ergs s™') (eq. [6]) (%) (MeV) Shock Revival g: 10" F
L5910............ 5.9 - 1 10 X %
L5911......... 5.9 1 1 10 X Ef
L5913........... 5.9 3 1 10 X g yo2l
L59110.......... 5.9 10 1 10 O <
L59130.......... 5.9 30 1 10 O N
L5910d5........ 5.9 - 5 10 X £
L5911d5........ 5.9 1 5 10 X 2 10° S
L5913d5........ 5.9 3 5 10 O T Woinelastie
L5910d10...... 5.9 - 10 10 o e -+ w/ inelastic x3
L59T15......... 5.9 1 1 15 X . P e w/ inelastic x10
L59T20......... 5.9 1 1 20 X 10 0 100 200 300 400 500 500
L59T25......... 5.9 1 1 25 O Time [ms]
L58I0............ 5.8 - 1 10 X
L5811 .o 5.8 1 1 10 X Fic. 3.— Temporal evolution of the normalized amplitudes of the £ = 1 mode
LS8IS s 5.8 5 1 10 X in the spherical harmonic decompositions for models L5910, L5911, L5913, and
L58I10.......... 5.8 10 1 10 O L59110. See the text for details.
L58I15.......... 5.8 15 1 10 X
L58120.......... 5.8 20 1 10 X 10° - - . . .
L58130.......... 5.8 30 1 10 X
L58140.......... 5.8 40 1 10 X
L58I50.......... 5.8 50 1 10 O o
L581100........ 5.8 100 1 10 O g 107 £
L5710....... 5.7 - 1 10 X L)
L5711............ 5.7 1 1 10 X §
L57110.......... 5.7 10 1 10 X = 5
L57130......... 5.7 30 1 10 X g 107 F
L571100........ 5.7 100 1 10 O §
L5510............ 5.5 - 1 10 X s
L5511 ... 5.5 1 1 10 X § |
L55110.......... 5.5 10 1 10 X —— w/o inelastic
L55130.......... 5.5 30 1 10 O 7 x; :::::i:g a
L551100........ 5.5 100 1 10 X S w/ inelastic x10

Notes.—The variable L,, represents the luminosity of the electron-type neu- 10 0 100 200 300 400 500 600
trino. For Oy, only the multiplicative factor is given. The term 6v, /vrlD denotes Time [ms]
the initial relative amplitude of the velocity perturbation. The variable 7, _ is the
temperature of mu and tau neutrinos. The “successful shock revival” is defined Fic. 4. Same as Fig. 3, but for ¢ = 2.

as a continuous increase of the shock radius by ~500 ms.



Acoustic power generated in the inner core may drive an explosion
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large, the £ = 2 and 3 modes are also in evidence. The / = 2 (harmonic) mode
will result in a distinctive signature in gravitational radiation detectors, ini-
tially at a frequency near ~675 Hz. This frequency is likely to be different
(higher) when general relativity is included (Ferrari et al. 2003).
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relevance for gravitational radiation emission.

(Burrows et al. 2006)



Excitation of g-mode by SASI is inefficient due to the severe

impedance mismatch

[
6 -
~ i TABLE 1
%ﬂ _ ('4'“" KEy QUANTITIES FOR g-MODES IN THE PROTO—~NEUTRON STAR
~ I
b 10 * v E a b
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.
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N - } 9 1.03 176 1.97 .67  —0.154
I g,—mode i 2 gt 3.5 538 751 5.91 0.997
g¢ 224 383 3.15 2.02  —0.101
CRO bl ¢ 172 294 7.11 1.02 0.238
0 0.1 02 03 04 05
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Fic. 5.—Time evolution of the mode energy for the g,-mode with / =1 for
the proto—neutron star model given in Fig. 2.

The saturated energy is less than 10°° ergs even with the most

efficiently excited mode (g-mode with I=1)

(Yoshida et al. 2007)



Initial conditions of Ln=3.0e52 ergs/s, Mdot=0.2398Mo

L, = 3.0x10%? erg/s
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Numerical conditions

« axisymmetric
- tabulated EOS by Shen et al. (1998)
- fixed condition of the outer boundary with unperturbed state

- free outflow of the inner boundary except for the radial velocity

2/..2° -
vr0 = 0. 1(ry/ry) with constant v,

(other variables in the ghost mesh are copied with the most inner values)

* mass accretion rate and mass of the central object are fixed with
M =0.2398 M, s~! and My, = 1.4 M,

« T, =4 MeVand T,

|

5 MeV.

* pressure perturbation at the inner boundary with g-mode frequency



Perturbation growth in the early stage
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Viscous Heating [1052 erg/s]

Viscous heating estimated by the artificial viscosity of ZEUS code
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Viscous heating movies
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Fourier Power Fourier Power Fourier Power

Fourier Power

Spectral analysis of viscous heating (I=1)
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. Fourier Power .
Fourier Power Fourier Power

Fourier Power

Spectral analysis of viscous heating (1=2)
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Acoustic wave propagation in the stellar atmosphere

1. ACOUSTIC CUT-OFF FREQUENCY

In the atmosphere of gravitationally bound objects (e.g. star), the density decreases with increasing height. In
such circumstances, the dispersion relation of sound waves is modified. Let —z be the direction of gravity. Linear
rturbations xpli(wl — kyx —k,z)} of the hydrodynamical equations give (sections 52 & 53 of Mihalas & Mihalas
perturbations, o exp{i(wt — ko — k,z)} of the hydrodynamical equations give (sections 52 & 53 of Mihalas & Mihalas
1984)
42 2002 12\, .2 2,272 _ :
w” — [wy + g (kg + k2w +wgegky =0, (1)
where w, is acoustic cut-off frequency, and wg is Brunt-Viisila frequency. Acoustic cut-off frequency is

wa = v9g/2¢cs = cs/2H, (2)

where 7 is a ratio of specific heats, g is gravity (= GM /r? for external gravity by a central star), ¢s = dp/dp is sound
speed, and H is pressure scale height. Brunt-Vaiisala frequency is

wg = (y=1)"2g/cs = (y = 1) 2¢cs/yH (3)

Sound waves with w < w, cannot propagate (evanescent waves). In other words, sound waves of which wavelengths
(cs/w) are longer than the twice of the pressure scale height are reflected because of the deformation of the wave
shapes.

2. DECOMPOSITION OF ACOUSTIC WAVES

Let us consider acoustic waves that travel along with z direction in static medium (v, = 0 in the unperturbed state).
Owing to the longitudinal nature, acoustic waves that propagate with +z direction show the positive correlation
between density perturbation, dp, and velocity perturbation, v,, while acoustic waves with —z direction show the

negative correlation between dp and v,. Then, we can define acoustic wave amplitudes of positive and negative
directions:

1
S:t = Uy :t ng (4)

P

From simulation data, we can decompose acoustic perturbations into directions by this equation.

(Suzuki, private communication)
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Z[107em]

Acoustic wave propagation with random perturbation
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Perturbation growth in the linear phase
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SUMMARY

Standing accretion shock instability has been investigated by 2D
axisymmetric simulations with steady-state solution

* Linear growth of the perturbation was found for low-l modes with
neutrino heating

« 2D axisymmetric simulations suggest that SASI can trigger the
explosion from the stalled shock wave

- Additional neutrino heating of neutrino-He inelastic scattering is
enhanced by SASI but may play a minor role on a successful
explosion

* It seems to be difficult that the pressure perturbation which is
mimic of g-mode excites SASI due to the impedance mismatch



