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Outline

Moving to the 3" dimension: A really grand computational challenge
Status of modeling neutrino-driven explosions in 2D

The 3™ dimension as a key to the neutrino mechanism:
Do we understand how the key fits into the keyhole?

3D models on their way to meet observations



Outline — Reversed

3D models on their way to meet observations
Moving to the 3" dimension: A really grand computational challenge
Status of modeling neutrino-driven explosions in 2D

The 3" dimension as a key to the neutrino mechanism:
Do we understand how the key fits into the keyhole?



Observational Consequences and Implications of
Neutrino Heating and SASI 1n Stellar Explosions

Neutron star kicks (Scheck et al. 2004, 2006; Wongwathanat et al. 2010)

Asymmetric mass ejection & large-scale radial mixing
(Kifonidis et al. 2005, Hammer er al. 2010)

Characteristic neutrino-signal modulations
(Marek et al. 2009; Miiller et al. 2011)

Gravitational-wave signals (Marek et al. 2009; Miiller et al. 2011)

See Ewald Miiller's talk on Saturday !



Neutron Star Kicks
1in 3D Explosions

Parametric explosion calculations:

Neutrino core luminosity of proto-NS chosen;
Accretion luminosity calculated with simple (grey) transport scheme.



Neutron Star Recoil in 3D

density [gfem™1] ey TE Ml

I W
****** T.e402 2,007 4,24 11.7 19,2 26.8 34.3

(Wongwathanarat, Janka, Miiller, ApJL 725 (2010) 106; A&A, in preparation)
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Neutron Star Recoil in 3D
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Neutron Star Recoil
and
Nickel Production

Nickel production is enhanced in
direction of stronger explosion,
i.e. opposite to NS kick

(Wongwathanarat, Janka,
Miller, A&A, to be submitted)
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Neutron Star Recoil and Nickel Production

wWil5-1 X
260 s 1 L
Large kick

Enhanced concentration of iron in supernova remnants opposite to direction of large
pulsar kick can be observable consequence of hydrodynamical kick mechanism.

(Wongwathanarat, Janka, Miiller, A&A, to be submitted)



3D Explosions
and
Supernova Asymmetries



Mixing Instabilities in 3D SN Models

P green: carbon
red: oxygen
blue: nickel

7.5%10% cm (Hammer, Janka, Miiller, ApJ 2010)
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Asymmetry of Supernova 1987A

contours: oxygen
blue & green: nickel

S

(Wongwathanarat, Janka,
Miiller, in preparation)

Relatively small convective asymmetries of early explosion can grow into large-
scale asymmetry of the nickel and heavy-elements distributions!



Supernova 1987A




BUT:
Do We Understand
How It All Starts?



Neutrinos &
Explosion
Mechanism

Paradigm: Explosions by the
convectively supported neutrino-
heating mechanism

R_ ~200 km

« “Neutrino-heating mechanism”: Neutrinos revive' stalled shock by energy deposition
(Colgate & White 1966, Wilson 1982, Bethe & Wilson 1985);

* Convective processes & hydrodynamic instabilities enhance the heating mechanism

(Herant et al. 1992, 1994; Burrows et al. 1995, Janka & Miiller 1994, 1996;
Fryer & Warren 2002, 2004; Blondin et al. 2003; Scheck et al. 2004,06,08).



Neutrino Heating and Cooling

* Neutrino heating:

L T 2 /100km\?> er
P 20 Ve Ve
H = 1.544 x 10 (1052ergs—1)(4MeV) x( . ) (Yn + ¥p) [ S

* Neutrino cooling:

T 6
C =1.399 x 10%° (Yo +Yy) -
2 MeV gs



Multi-Dimensional Modeling
as Computational Challenge



Predictions of Signals from SN Core

(nuclear) EOS  neutrino physics  progenitor conditions

\v/

SN explosion models

- photons hucleosynthesis

gravitational waves

explosion asymmetries,
pulsar kicks
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Neutrino Reactions in Supernovae

Beta processes:

Neutrino scattering:

Thermal pair
processes:

Neutrino-neutrino
reactions:

e +p = n+vy
et +n = p+ve

e +A Ve + A*

v+n,p —= v+n,p
v+A = v+ A

y+et = v+e*
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et +eT = v+
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The Curse and Challenge of the
Dimensions

Boltzmann equation determines neutrino
distribution function in phase space

f(r,@,¢,@,<l>,€,t) 1

|
Integration over momentum space yields source o g
terms for hydrodynamics B

O(r.0,0,1),Y,(r,0,0,1)

Solution approach Required resources

e 3D hydro + 6D direct discretization of Boltzmann « > 1-10 Pflops/s (sustained!)
Transport Equation (no serious attempt yet)

e 2D hydro + 5D direct discretization of Boltzmann « >10-100 Tflops/s, TBytes
transport Equation (only with reduced complexity)

e 3D hydro + "ray-by-ray-plus" variable Eddington factor e >10-100 Tflops/s, TBytes
method (current method of MPA)



Computing requirements for
2D & 3D SN modeling

Time-dependent simulations: t~ 1 second, ~10° time steps!

CPU-time requirements for one model run:

In 2D with 600 radial zones, 1 degree lateral resolution:
~ 3*10" Flops, need ~3 years on 32 processor cores
In 3D with 600 radial zones, 1.5 degrees angular resolution:

~ 3*10® Flops, need ~1.5 years on 8192 processor cores

* e NIC) John von Neumann
*y S e Institut fiir Computing
W% Applications
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Performance and Portability of our
Supernova Code Prometheus-Vertex

Strong Scaling

@ Code employs hybrid MPI/OpenMP 't

Bernhard Miiller (2011)
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09 i
@ Code is portable to different computer £ :
platforms. 2 08k E
% i %[ﬁ:;]sﬁxgn (RZG)

@ Code shows excellent paraIIeI e 51 SGI 4700 (LRZ)

. . . . & 0.7 == JUROPA (FZJ)
efficiency, which will be fully exploited & (51 OpenMP: SCI 4700 (LRZ)
in 3D. sEi o 1 g

) 816 32 64 128 256
Weak Scaling

L] ee—— : 1 = S

[ 1 i =

gal 1 8 100 S
— 15F — Bluegene/P ] _ e
i i —Power6 1 o 9, ~
) [ ____Intel Nehalem 1l o » v
E il ] E 10F .
- 0r ] = - ; Bluegene/P =

o 18 ___Power6 3

5k ] @ __Intel Nehalem g

©

o 18 S

_ 1 £ <

] , , ] 1 . .

512 8192 16384 32768 512 8192 32768

f#tcores #cores



Performance and Portability of our
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Results of 2D Simulations



2D SN Simulations: M ~ 11 MSun

star
Nonradial hydrodynamic instabilities are crucial for the explosion !

Low-order (dipole, I=1, and quadrupole, |=2) modes of the "standing accretion shock
instability" ("SASI"; Blondin et al. 2003) cause asymmetries and push shock to larger radii

===> This stretches residence time of matter in neutrino heating layer and thus increases
energy absorbed by matter from neutrinos.
Leads to initiation of globally aspherical explosion even without rotation
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radius [km]

2D SN Simulations: M =15 MSun

star

400

Violent SASI oscillations:
v-driven explosion sets in
at t ~ 600 ms after bounce

Physical time: t=610 ms l
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Explosions by Oak Ridge Group

Explosion Energy versus Progenitor Mass
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(Bruenn et al., ScCiDAC2009;
JoP Conf. Ser. 180 (2009) 012018)

0 0.2 04 0.6 0.8 1 1.2
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Simulations with CHIMERA code show faster and more energetic explosions.
Onset of explosion at essentially the same time for different progenitors (?)



Relativistic 2D SN Models:
11.2 and 15 MSun Stars
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Violent Iong Iasting shock oscillations (Muller, THJ, Marek & Dimmelmeier, to be submitted)
)

produce quasi-periodic variations of
neutrino emission and gravitational-
wave signal. See poster !
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(Maller, THJ, Marek & Dimmelmeier, to be submitted)

Relativistic (GR) 2D calculations basically confirm our “post-Newtonian” results.

Explosions with GR develop somewhat faster and earlier. GR effects help!

2D explosions are seemingly “marginal’, i.e., tend to set in late and to be
relatively weak and highly deformed.



avg. shock radius [km]

General Relativity Fosters Explosions
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Neutron Star Equations of State

Neutron star EoS is crucial ingredient but highly uncertain!
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2D Explosions of 11.2 M _ star : Test of EoS Intluence

 Simulations for 3 different nuclear EoSs:

Lattimer & Swesty (L&S), Hillebrandt & Wolff
(H&W), Shen et al.

» “Softer” (L&S) EoS and thus more compact PNS
leads to earlier explosion.

* Reasons: more neutrino heating, more violent
convective activity.
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2D Explosions of 11.2 M _ star : Test of EoS Intluence
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3D vs. 2D Differences ?
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However, the difference in the character of 3D turbulence,
with its extra degree of freedom and inverse cascade to smaller
turbule scales than are found in 2D, may [urther increase the time
matter spends in the gain region, so that the critical condition
for explosion (Burrows & Goshy 1993: Murphy & Burrows
2008) is more easily achieved. Our thesis in embarking upon
this project was that if going from 2D to 3D improves prospects
for the neutrino-driven explosion by the same degree as already
demonstrated by going from 1D to 2D (see Section 2), then the
neutrino-driven mechanism would perhaps be shown to be not
only viable, but also robust. In that case, the details of neutrino
interactions, general relativity, and nuclear physics would be
of secondary importance for demonstrating the mechanism
of explosion,



3D Supernova Simulations are Needed!

3D code version is presently constructed and in test
phase (F. Hanke, L. Hiidepohl, B. Miiller; Andreas Marek (RZG)).

We are beginning to explore 3D phenomena and
effects (F. Hanke).

Simulations: Florian Hanke;
Visualization: Elena Erastova, Markus Rampp (RZG)



2D-3D Difterences in Parametric
Explosion Models

* Nordhaus, Burrows et al. performed 2D & 3D simulations with simple neutrino-
heating and cooling terms and found 15-25% improvement in 3D for 15 Mg,

progenitor star (ApJ 720 (2010) 694)
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2D-3D Ditterences in Parametric
Explosion Models

* F. Hanke (Diploma Thesis, MPA, Garching, 2010) in agreement with L. Scheck
(PhD Thesis, MPA, 2007) cannot confirm the findings by Nordhaus et al. (2010) !
2D and 3D simulations for 11.2 Mg, and 15 M, progenitors are very similar!
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F. Hanke (Diploma Thesis, MPA, Garching, 2010) in agreement with L. Scheck
(PhD Thesis, MPA, 2007) cannot confirm the findings by Nordhaus et al. (2010) !
2D and 3D simulations for 11.2 Mg, and 15 M, progenitors are very similar!
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2D-3D Differences

Average entropy of gas in gain layer
is not good diagnostic quantity for
proximity to explosion g
3
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Nordhaus et al., ApJ (2010)

ton [8]

Hanke et al., to be submitted (2011)
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2D-3D Differences

Higher angular resolution fosters explosions in
2D but delays or prevents explosions in 3D !!!

Average shock radlus

Standard deV|at|on of shock radlus

Hanke et al., to be submitted (2011)



mass in gain layer [Mg]

2D-3D Differences

3D models with higher angular resolution
become more similar to 1D models !l

Mass in gain layer
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2D-3D Differences

Turbulent energy cascade in 2D "powers” SASI, but in
3D drives small-scale vortex flows and fragmentation
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Hanke et al., to be submitted (2011)



Questions & Challenges

OF COURSE, 3D IS IMPORTANT!

2D-3D difference depends on neutrino treatment.
Detailed transport will be necessary to clarify 3D effects!

Findings by Nordhaus et al. are NOT “robust”.

We find evidence that turbulent energy cascade fosters SASI in 2D
with higher resolution, but to damp it in 3D

Large-scale mass motions improve explosion conditions, enhanced
turbulence on small scales does not in our simulations!

Is 3D hydrodynamics more favorable for explosions than 2D?
The answer is not clear yet!!

What could stir SASI in 3D? Better neutrino physics? Stellar rotation
to seed spiral modes? Progenitor anisotropies/perturbations?

We need detailed comparisons of physics and numerics between
different groups!
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