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How
Brow Up
A STAR

By Wolfgang Hillebrandt,
Hans-Thomas Janka

and Ewald Miller

Itis not as easy as you would think.

n November 11, 1572, Danish astronomer and
nobleman Tycho Brabe saw a new star in the con-
stellation Cassiopeia, blazing as bright as Jupiter.
In many ways, it was the birth of modern astrono-
my-—a shiring disproof of the belief that the beavens were
fixed and unchanging. Such “new stars™ have mot ceased 1o
surprise, Some 400 years kater astronomers realized that they
briefly outshine billions of ordinary stars and must therefoce
be spectacular explosions. In 1934 Fritz Zwicky of the Cali-
fornia Institese of Technology coined the name "supernovae”™
for them. Quite apart from being amoeg the most dramatic

TEN SECONDS AFTER IGNITION, 3 thermoruciear flame has slmost completed
s incireration of 2 white dwarf star in this recest simulation. Sweeping
Sutward from the deep intericr | roy). the suclesr chain reaction has
transformed carbon and axygen (Moc, red) to slicon (erange) ard iron
(yelicw). Earfior sirnudations, which were usabls 10 track the turbulest
motions, could not explain why stars exploded rather than dyleg quiethy.

COPYRIGHT 2008 SCIENTIFIC AMERICAN, INC.

events known to science, supernovae play a special role in the
universe and in the work of astromomers: seeding space with
heavy elements, regulating galaxy formation and evolution,
even serving as markers of cosmic
MM&MWMMM
the explosive energy comes from gravity. Their idea was that
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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
s, Hillebrandt & Janka 2006 (Sci Am)
@ OLCFe e e 50
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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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Spherically symmetric collapse
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Post-bounce profile
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Liebendoerfer et al. Ap.J. 620, 840 (2005)

.
N eWto n I a “ ve rs u S G R Bruenn, DeNisco, and Mezzacappa, Ap.J. 560, 326 (2001)
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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

Tuesday, July 12, 2011
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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

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

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

Lattimer-Swesty EOS

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

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

Neutrino Emissivities/Opacities
“Standard” + Elastic Scattering on Nucleons + Nucleon—-Nucleon Bremsstrahlung
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Bruenn et al., J. Phys. Conf. Ser., 46, 393 (2006)

| |
2 D s I m u I at I o “ s Mezzacappa et al., AIP Conf. Proc., 924, 234 (2007)
Messer et al., J. Phys. Conf. Ser., 78, 012049 (2007)
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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)

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

Janka et al. PRL, 76, 2621 (1996)
Buras et al. Ap.J., 587, 320 (2003)

| N

20 0 ZWA Y
v_'—\ l\-_ 'IJJJXJ\,

%
s"@'% [URIDGE
L/_‘-/Ll_&)} D LC F ‘ ‘ . ‘.l"‘.i National Labocatory

Tuesday, July 12, 2011



Determining what’s important to include...

observer corrections
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Shock Radii vs Time from Bounce
W-H 15 Solar Mass Progenitor; Effect of Dimensionality and Neutrino Rates

2D, complete nu-rates, mean radius
2D, complete nu-rates, mas radius
2D, complete nu-rates, min radius

2D, reduced nu-rates, mean radius
2D, reduced nu-rates, max radius
2D, reduced nu-rates, min radius
1D, complete nu-rates

1D, reduced nu_rates
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CHIMERA 1D simulations

Comparison of 1D Simulations; 15 W-H Progenitor

Shock Radii vs Post Bounce Time
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AGILE-Boltztran

Shock Trajectory
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Impact of resolution

Mean radius 256x256
Max radius 256x256
Min radius 256x256
Mean radius 512x128
Max radius 512x128
Min radius 512x128
Mean radius 512x256
Max radius 512x256
Min radius 512x256
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Example of 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

S T N D

) —— s15 matter

* Higher-frequency
variations: Impingement
of downflows on

PNS from neutrino-
driven convection and

A

-

time from bounce (ms)
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Using Tracers for GW Diagnostics

Gravitational Wave Signal (S15 LS EoS 256x256)

1

——s15 hydro -
— s15 tracer

Graviational Wave Signal: S15 LS EoS 256x256

time from bounce (ms)

200 300
time from bounce (ms)
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The primary purpose of tracers: nucleosynthetic
post-processing

S15 Neutrine Heating (ergs/g-s)
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v signatures in terrestrial detectors

Sanchez, Messer, et al. in prep.
Radius = 200km
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Shock breakout signature in Super Kamiokande 15 Mg progenitor 10 kpc distance
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Recovering “realistic” v fluxes from RbR
simulations

-

1 polar ray

Sanchez, Messer, et al. in prep. : ‘
f. L l., Phys. Rev. D 82 7 (2010
cf. Lund, et al., Phys. Rev. D 82, 063007 ( ) average
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Recovering “realistic” v fluxes from RbR
simulations

Sanchez, Messer, et al. in prep.
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Recovering “realistic” v fluxes from RbR
simulations
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limb-darkened

Sanchez, Messer, et al. in prep.
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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 processors
3D Effective Gravitational Potential 576 X 96 X 192 (current production size)
Marek et al. A&A, 445, 273 (20006) — 18,432 processors
512 X 256 X 512

Neutrino Emissivities/Opacities
“‘Standard” + Elastic Scattering on Nucleons
+ Nucleon—Nucleon Bremsstrahlung

= 131,072 processors
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Volume
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Summary

* Improved neutrino interaction physics + convection + SASI +
nuclear burning + sufficient simulation time leads to explosions
across a range of stellar progenitor models in 2D simulations.

* The inherently three-dimensional nature of both convection and the
SASI| demands three-dimensional simulations.

* These simulations produce a raft of multi-messenger observables.
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Bellerophon

bellerophon

» Revision control, regression testing, viz, workflow... what else ya

got?

Important Links
& Documentation

) Bellerophon | Visualization On-Demand
|
| Regression Test Visualization Visualization SVN Stanistics
Explorer Explorer On-Demand On-Demand
Visualization Sets
Index Chimera Sim D Created by Creation Date Progemtor Source

Log Ouwt and
Quit Bellerophon

Search Filter
Progenito . Resolution ‘ |Index

& Data3 Uingerfelt, Eric
7 Data3 _SASI v diff 05 _akt ptrb  Ungerfelt, Eric
6 Data3_SASI v _diff 20 Lingerfelt, Eric
S Data3_SASI v _diff_05_ah Lingerfelr, Eric

09/18/10 No Progengor Source
09/18/10 No Progengor Source
09/18/10 No Progentor Source
09/18/10 No Progennor Source

4 Data3_SASI v_diff_05_new Ungerfelt, Eric 09/18/10 No Progenkor Source
3 Data3 _SASI v diff 05 seed Ungerfelt, Eric 09/18/10 No Progentor Source
2 Data3_SASI v_diff_0S Lingerfelr, Eric 09/18/10 No Progenior Source
1 Data3_SASI_v_dift_00 Ungerfelr, Eric 09/18/10 No Progenior Source

Visualization Set Notes

Accretion shock simulation with an EOS gamma of 4/3, and “wiggle®™ parameter of 0.03. Convection & set
random welocity perturbations with a min 1o max of -.05 ¢_sound to 0.05 ¢_sound.

4

# Select Different Option

@ OLCFe e e«

v B Data3_SASL v _diff 03 _ak ptrb (12)

Y Velocry (v) (21)

Animation Information

Visualizanon Set Index = 12

Chimera Smulation 10 =

Data3_SASI v diff 03 _ak pebd

Created By » Uingerfek, Erk

Creation Date « 09/15/10

Proganitor Source = No Progennor Source

14 Data3_SASIL v diff 01 akt ptrb  Ungerfelt, Eric 09/18/10 No Progentor Source A NN Bellerophon | Visualization Explorer
13 Data3_SASI_v_diff_02_ah_ptrb Lingerfelt, Eric 09/18/10 No Progenror Source
| ] Regression Test Visualization Viswalization SWN Susistics Important Links Log Out and
11 Data3_3 Ungerfelt, Eric 09/18/10 No Progensor Source Explorer Explorer Ow-Demand On-Demand & Docwmentation Quit Bellerephon
10 Data3 2 Ungerfelt, Eric 09/18/10 No Progengor Source
9 Data3_SASI_v_diff_00_ah_ptrb Lingerfelr, Eric 09/18/10 No Progennor Source ¢ Visualization Sets ¢ Animation Viewer

Data3 SASI v diff 03 alt ptrb (12) - Emtropy (5) (20)

Y Velocity (v) (21) -~ Entropy 4s) 420

DB 00283 silo
Cycle: 283

L

Tme:0.1415

Progenitor Mass = -1 e - - voding (b - -
Resolution « 252 x 252 {
Animation Index = 20 }:SC‘(\_'C.-nQC'fJ 28:31 2010
Sze [poxels) = 1280 x 710 MO Sop e
Colortable « orangehot
Z20om |km) = -300,300,0,300
Colortable Range = 1.8
|44 <K] | E { >0 M Fit 50 Window
o Full Screen Mode
Save Primt Copy a4
q@ ehect Ne Download Frame '} Download Movie '?
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