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As the massive star
nears its end, ittakes

on an onion-layer structure
of chemical elements

Iron does not undergo nuclear fusion, so the core

becomes unable to generate heat. The gas pressure
drops, and overlying material suddenlyrushes in

Within a second,

the core collapses
to form a neutron star,
Material rebounds off the
neutron star, settingup a
shock wave

Neutrinos pouring out of the
nascent neutron star propel the
shock wave outward, unevenly

The shocksweeps
through the entire
star, blowing it apart

Hillebrandt, Janka, & Muller 2006 (Sci Am)
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Neutrino trapping

A, = o, During stellar core collapse, the neutrino opacity is
. dominated by coherent scattering on nuclei.
n,=—-—
Am,
1 (E Y 7 zT

04 =7-00| =5 Az[l—z+(4sinzﬁw—1)ﬂ Freedman, PRD 9, 1389 (1974)
A, ~100km P _5/3(£)_1( L )2/3 o< p”

’ 3%x10" gcm™ 56/ \26/56 Arnett, ApJ 218, 815 (1977)

3M 1/3 -1/3 2/3
Rcore ( core) z270 km( 1()p _3) ( e ) e p—1/3
4P 3x10" gcm 26/56

Electron-neutrino mean free path decreases much more rapidly with
density than core size, and the neutrinos become trapped in the core.

Degenerate electron-neutrino Fermi sea develops...
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Homologous collapse

homologous collapse --> differences in core structure for
different progenitors only appear after bounce
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Post-bounce profile

Hillebrandt, Janka, & Mller 2006 (Sci Am) %@M
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How is the supernova shock revived?

Known, Potentially Important

Ingredients

=2 v-Luminosity

K3 = MalierFlow
.l

- 7\ * Gravity
»* ¥ * Neutrino Heating

N R * Convection

= - A g e Shock Instability (SASI)
i d;‘ <V * Nuclear Burning

__, = —  ProtoNeutron < <« e Rotation
LAY » Magnetic Fields
L2 2 ) W\ N =
1 t

y, L I Need 3D models with all of

P . the above, treated with
I sufficient realism.
» S2OAK
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How is the supernova shock revived?

Known, Potentially Important

3D sty Ingredients
Q — Matter Flow
. B l 7, e Gravity
\, il V4 * Neutrino Heating
etponic g e Convection
Y AR NS » Shock Instability (SASI)
% Lo\ 1ad * Nuclear Burning
— = ey | * Rotation
AT Ay * Magnetic Fields
| 4 / a W\ A &
2 f .
P -y \, 8 Need 3D models with all of
2 T the above, treated with
x sufficient realism.
8z QAK
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How is the supernova shock revived?

Known, Potentially Important

3D sty Ingredients
% —»  Matter Flow
. l 2 * Gravity
N\ P o o * Neutrino Heating
6TUmE Y 7N e Convection
o AW b e * Shock Instability (SASI)
Cooling .
2 e Nuclear Burning
@ Q & :
iy N —»  Proto-Neutron <— o ROtathn

Star
5 * Magnetic Fields

Need 3D models with all of
the above, treated with

sufficient realism.
@@ OLCFe e e« @ Ynlfd%ml:,
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How is the supernova shock revived?

Known, Potentially Important

3D sty Ingredients

Q l — Matter Flow

* Gravity

* Neutrino Heating
 Convection

* Shock Instability (SASI)
* Nuclear Burning

* Rotation

* Magnetic Fields

Need 3D models with all of
the above, treated with
sufficient realism.
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How is the supernova shock revived?

Known, Potentially Important

3D sty Ingredients

—> Matter Flow

* Gravity

* Neutrino Heating
 Convection

* Shock Instability (SASI)
* Nuclear Burning

* Rotation

* Magnetic Fields

Need 3D models with all of
the above, treated with
sufficient realism.
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Stationary Accretion Shock Instability (SASI)

Monday, April 15, 2013

e © ¢ g

Shock wave unstable to
non-radial perturbations.

Blondin, Mezz DeMarino, Ap.J. 584. 971 (2

* Decreases advection velocity in gain region.
* Increases time in the gain region.
» Generates convection.

gaingradius
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CHIMERA

o “Ray-by-ray-Plus” MGFLD Neutrino Transport
- 0O(vlc), GR time dilation and redshift, GR aberration

e 2D PPM Hydrodynamics
- GR time dilation, effective gravitational potential
- adaptive radial grid

o Lattimer-Swesty EOS + low-density BCK EOS
- K=220 MeV
- low-density EOS “bridges” LS to network

e Nuclear (Alpha) Network
- 14 alpha nuclei between helium and zinc

o 2D Effective Gravitational Potential
- Marek et al. A&A, 445, 273 (2006)

e Neutrino Emissivities/Opacities
- “Standard” + Elastic Scattering on Nucleons + Nucleon-Nucleon Bremsstrahlung

o\Te,
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Important neutrino emissivities/opacities

Bruenn, Ap.J. Suppl. (1985)

“Standard” Emissivities/Opacities » Nucleons in nucleus independent. |
» No energy exchange in nucleonic scattering.

e +p A<V, +nA Langanke et al. PRL, 90, 241102 (2003)
e Include correlations between nucleons in nuclei.

e’ +e =V, +Veur

e,u,t
Xx V + n,p,A — ) 4+ n,p,A Reddy, Prakash, and Lattimer, PRD, 58, 013009 (1998)
Burrows and Sawyer, PRC, 59, 510 (1999)
. S » (Small) Energy is exchanged due to nucleon recaoil.
Vv +¢ .6 —V +¢e .6 « Many such scatterings.

* N+ N N+N+v + Veur ——Hannestadt and Raffelt, Ap.J. 507, 339 (1998)
&Mt Hanhart, Phillips, and Reddy, Phys. Lett. B, 499, 9 (2001)

— — » Additional source of neutrino-antineutrino pairs.
Vot Ve <V, + Vs

Janka et al. PRL, 76, 2621 (1996)
Buras et al. Ap.J., 587, 320 (2003)
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Bruenn et al., J. Phys. Conf. Ser., 46, 393 (2006)
Mezzacappa et al., AIP Conf. Proc., 924, 234 (2007)
Messer et al., J. Phys. Conf. Ser., 78, 012049 (2007)
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Chimera model: B12-WH07  Time = 800 ms
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The early phase
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o For the first ~100 ms after bounce, the supernova shock is essentially spherical, with 1D models
identical to 2D models.

e Once the Standing Accretion Shock Instability (SASI) and neutrino-driven convection begin, the
shock deforms and gradually progresses outward in radius.

e Neutrino-driven convection precedes the development of the SASI at low mass (12 M.) and trails the
development of the SASI at high mass (25 Mo).

« One notable feature is the considerable delay in launching an explosion.
(cf. (Herant et al. 1994): <100ms)
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The early phase

20000 ———

mean shock radius
= maximum shock radius
minimum shock radius

12,000 km/s

/
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o For the first ~100 ms after bounce, the supernova shock is essentially spherical, with 1D models
identical to 2D models.

e Once the Standing Accretion Shock Instability (SASI) and neutrino-driven convection begin, the
shock deforms and gradually progresses outward in radius.

e Neutrino-driven convection precedes the development of the SASI at low mass (12 M.) and trails the
development of the SASI at high mass (25 Mo).

« One notable feature is the considerable delay in launching an explosion.
(cf. (Herant et al. 1994): <100ms) 2z OAK
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Working neutrinos

o The initially spherical gain surface between the cooling and heating
regions begins to distort ~70 ms after bounce.

o Beginning at ~120 ms, the heating region is characterized by low-
entropy downflows and high-entropy upflows, with the strongest
heating at the bases of the impinging downflows.

Frame 00001

lime (elapsed) +0005.0 GR, Full-Physics, 12M
Time (bounce) -0258.2
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A <1.217 041
I | 1 L I I
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How to make an explosion

10 £

o SASI gradually pushes the

shock outward, increasing

the size of the heating 2| —

region until heating £ o — 5

timescale (Theating) is A — 2w,

smaller than advection 001 .

timescale (Tadvection). -

e Much of the explosion O " Time from Bounce [s]

energy comes from the S T

neutrino heating region, e

below the ejecta, in the ooy oaf TR -

form of PdV work and =

advected internal energy. &, .
.é
Boil- _

0= T | ! T . | i
(i@rD LCF 000 200 300 400 500 600 700 800

Post-Bounce Time [ms]
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Explosion energies 3 ———

» Because models are still in the stage e M | }
where internal energy dominates, we must ;-; I > +- sgowc :
estimate the explosion energy by 5 of (I By L
assuming efficient conversionof Ei = Ex. < ¢ + Hypernova Branch :

g I '_ﬁﬁaj(lc}

» One can construct a “diagnostic” energy, ' - __gfijfub)@* - | |
E+ = Ei + Eg + Ex, summed over zones RO 5 SRR §
where E: > 0. I

o To this we add contributions from nuclear o 50 ‘ = : =

recombination and removing the envelope.

Main Sequence Mass, (Mg)

Nomoto, Tominaga, et al. (2006)

B12_WHO7 1.3 [T T T°T1 | I | L | T 1T | L | T 1T T 1T L | T 1T | L
0.5 LN Y [ Y L B Y L B B T T T 1 LY | 12 :_ T Energy sum over positive energy zones _:
i 7 ] . F — - E+Ov =E" + Overburden .
— - Total (dlagnOStIC) e b 1.1 L E' =E"_ + Nuclear recombination .
- — Kinetic “/' _ - ov, rec ov ]
04— Internal e —oo2 mn = E
- _— (—)GraVitational P — — 7‘ _______ — 0 9 :_ — 12 Msolar __
Recombination -7 . : 7 >~ L — I5M .
o MaSS // “ /“/ &D 08 — 20Msolar —
- . o : :
— 0.3 I 7 7 ’E‘ q » —_ 25 Msolar -
aa) / = 0.7 ]
270 1 % mOo7f :
3 - C ]
L 1 2 gosF =
g L g .5 C 3
M 02 —o01= Z 0SF E
- | "5.04F E
Xoor ]
- i M o3 b S, == —
0.1 - B
B 7 0.2 - /4 ]
C /7 7 . . ]
| 0.1F e P g ]
4 2 | | | | | | ok a1 L 4’ 7 L /|I| e A L L L
0 I T — | | | | | | | | | | | | | | | | | | | | | | | | 0
01 02 03 04 05 06 0.7 08 0 100 200 300 400 500 ) 600 700 800 900 1000
time after bounce [sec] Post-Bounce Time [mS]
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Explosion energies 3 —

» Because models are still in the stage e M | }
where internal energy dominates, we must ;-; I > +- sgowc :
estimate the explosion energy by e BE TR L
assuming efficient conversionof Ei = Ex. < ¢ + Hyparnova: Brorich g
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Nickel mass
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Another important observable, related to the explosion energy and very relevant to
the nucleosynthesis, is the mass of *Ni.

Only in the 12 Mo case has the *°Ni mass saturated.

Mass of other iron-peak species is comparable to *Ni.

Results are reasonable, though fallback over longer timescales is uncertain.
Recent studies are finding differing results on fallback.

'|""|""""""""""_/1015' | ' | ' | ' | ' | ' | '
| K Neutron star | Black hole Smartt 2009

- | — P
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Nickel mass

e Another important observable, related to the explosion energy and very relevant to
the nucleosynthesis, is the mass of *Ni.
* Only in the 12 Mo case has the *®Ni mass saturated.
o Mass of other iron-peak species is comparable to *®Ni.
e Results are reasonable, though fallback over longer timescales is uncertain.
Recent studies are finding differing results on fallback.
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Example of multi-messenger observables: Anatomy

of a GW signature
Yakunin et al. Class. Quantum Grav. 27 194005 (2010)

Gravitational Wave Signal (S15 LS EoS 256x256)
» Lower-frequency .

envelope: SASI-induced
shock excursions

) —— s15 matter

* Higher-frequency

variations: Impingement

of downflows on

PNS from neutrino-

driven convection and
ASI

time from bounce (ms)
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SASI in 3D

Blondin & Mezzacappa Nature 445, 58 (2007)
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SASI in 3D

Blondin & Mezzacappa Nature 445, 58 (2007)
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3D simulations

‘RbR-Plus” MGFLD Neutrino Transport
O(v/c), GR time dilation and redshift,
GR aberration (in flux limiter)

3D PPM Hydrodynamics
GR time dilation, effective gravitational
potential
adaptive radial grid
Lattimer-Swesty EOS
180 MeV nuclear compressibility
29.3 MeV symmetry energy
Resolution
Nuclear (Alpha) Network 304 X 76 X 152
= 11,552 MPI tasks
3D Effective Gravitational Potential 576 X 96 X 192 (current production size)
Marek et al. A&A, 445, 273 (20006) — 18,432 MPI tasks
: L By 512 X 256 X 512
Neutrino Emissivities/Opacities — 131.072 MPI tasks

“‘Standard” + Elastic Scattering on Nucleons
+ Nucleon—Nucleon Bremsstrahlung
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Volume
Var: le])7

14.50

12.00

4 9250
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Min: 1264
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Summary

e Ongoing CHIMERA models confirm successful prolate explosions

across a range of progenitors from 12-25 Mo driven by neutrino
heating and SASI.

e Though differences persist with simulations from Garching group,
self-consistent CHIMERA simulations point to a successful
neutrino-reheating mechanism, with the explosion delayed by 300
ms or more after bounce, at least in 2D.

o Self-consistent 3D simulations, while very expensive, are possible.
They are critical to teach us the value of our 2D simulations.
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