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The Supernova Problem

Cassiopeia-A

Core-Collapse Supernovae: 

• End of massive stars 

• Birthplace of heavy elements, 
pulsars, black holes …  

• Particle acceleration 

• …

Problem: how do they explode?



Shock Revival by Neutrinos

From Janka 2001



The Roles of Turbulence

Regulates accretion

Turbulent pressure

Transports heat

Increase dwelling time

Difficult to simulate!



Resolution Dependence
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Explosion more difficult at higher resolution!
Abdikamalov, Ott, DR+ 2015



Turbulent Energy Spectrum
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Open Questions

• When is the resolution good enough? 

• How does neutrino-driven convection work? 

• What is the main role of turbulence?

Our approach: local and semi-global simulations



Local Simulations

• Periodic box 

• Anisotropic 

• Mildly compressible 

• Study energy 
cascade

PPM+HLLC, N=5123, Vorticity
DR, Couch, Ott 2015



Energy Cascade (I)
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PPM+HLLC, N = 5123

• Energy injection scale

• Inertial range

• Bottleneck

• Dissipation range

DR, Couch, Ott 2015



Energy Cascade (II)
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• Global simulations ~ 643 
bottleneck dominated!

• 2x: start to converge 

• 8x: inertial range

DR, Couch, Ott 2015



Semi-Global Simulations
• Local simulations: instructive, but very simplified 

• Global simulations: expensive, more difficult to interpret

Semi-global simulations
• Stationary initial conditions 
• 90º 3D wedge domain 
• Simplified neutrino cooling/

heating 
• Simplified nuclear 

dissociation treatment

Semi-global simulations: initial data
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Global Dynamics
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Turbulent Pressure

Turbulent pressure
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Turbulent Cascade
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What about  
magnetic fields and 

rotation?



MHD-Powered Explosions

From Burrows+ 2007 From Mösta+ 2014

The Astrophysical Journal Letters, 785:L29 (6pp), 2014 April 20 Mösta et al.
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Figure 4. Volume renderings of entropy and β at t − tb = 161 ms. The z-axis is the spin axis of the protoneutron star and we show 1600 km on a side. The colormap for
entropy is chosen such that blue corresponds to s = 3.7kb baryon−1, cyan to s = 4.8kb baryon−1 indicating the shock surface, green to s = 5.8kb baryon−1, yellow to
s = 7.4kb baryon−1, and red to higher entropy material at s = 10kb baryon−1. For β we choose yellow to correspond to β = 0.1, red to β = 0.6, and blue to β = 3.5.
Magnetically dominated material at β < 1 (yellow) is expelled from the protoneutron star and twisted in highly asymmetric tubes that drive the secular expansion of
the polar lobes.
(A color version of this figure is available in the online journal.)

collapse of the protoneutron star and black hole formation. In
this case, the engine supplying the lobes with low-β plasma
is shut off. Unless their material has reached positive total en-
ergy, the lobes will fall back onto the black hole, which will
subsequently hyperaccrete until material becomes centrifugally
supported in an accretion disk. This would set the stage for a
subsequent long GRB and an associated Type Ic-bl CCSN that
would be driven by a collapsar central engine (Woosley 1993)
rather than by a protomagnetar (Metzger et al. 2011).

The results of the present study highlight the importance of
studying magnetorotational CCSNe in 3D. Future work will be
necessary to explore later postbounce dynamics, the sensitivity
to initial conditions and numerical resolution, and possible nu-
cleosynthetic yields. Animations and further details on our sim-
ulations are available at http://stellarcollapse.org/cc3dgrmhd.
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tion. S.R. is supported by a DOE Computational Science Gradu-
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port by NASA through Einstein Fellowship grant PF2-130099.
The simulations were carried out on XSEDE (TG-PHY100033)
and on NSF/NCSA BlueWaters (PRAC OCI-0941653).
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• Fast rotation and 
strong magnetic 
fields can produce 
very powerful 
explosions 

• Neutrinos cannot 
power hypernovae 

• How to build up the 
magnetic field?



The Magnetorotational 
Instability (I)

LETTER RESEARCH

Extended Data Figure 2 | Background flow stability analysis.  
a, b, The stability criterion CMRI 20 ms after core bounce for the initial 
stellar collapse simulation. a, A two-dimensional x–y slice (z = 0) through 
the three-dimensional domain; b, an x–z slice (y = 0). Yellow and red 

indicate regions that are stable to shearing modes; dark blue and light blue 
indicate unstable regions. c, The wavelength, λFGM, of the FGM of the 
MRI. d, The growth time of the FGM, τFGM. Panels c and d are zoomed in 
on the shear layer around the protoneutron star.

© 2015 Macmillan Publishers Limited. All rights reserved

Mösta, Ott, DR+ 2015

The MRI Must Be Operating



The Magnetorotational 
Instability (II)

3796 T. Rembiasz et al.

Figure 11. Evolution of the average magnetic energy density associated
with the MRI channels (eMRI, α) and the parasitic instabilities (ep, α) for
different components bα of the magnetic field for model #7.

by computing the energy-weighted barycenter in the relevant part
of Fourier space,

kp,α =
∑

l=1

∑
m=1 |ar (kl, km, 0)|2kα∑

l=1

∑
m=1 |ar (kl, km, 0)|2

, (58)

where we limited all summations to those Fourier modes displayed
in Fig. 10 to avoid high-frequency contaminations. Substituting ar

for aφ does not change the results significantly.
The values of kp, α obtained from equation (58) (white squares

in Fig. 10) properly trace the location of the maximum Fourier
amplitude. With these values one can compute both the wavelength
and the angle of the parasitic instability according to

λp = 2π√
k2

p,r + k2
p,φ

, (59)

φp = arctan
(

kp,r

kp,φ

)
. (60)

Fig. 12 shows the time evolution of the wavelength, λp, and an-
gle, φp, of the parasitic instabilities during the late stage of MRI
evolution. Before MRI termination, the evolution of the angle is
compatible with its theoretically expected behaviour for KH insta-
bilities, i.e. φp ≈ 45◦ (horizontal green line), within the accuracy of
the angle determination.4 The wavelength differs from its theoreti-
cally expected value λp ≈ 0.56 km (horizontal blue line) by a factor
of ∼2. Whether the source of this disagreement is of a numerical
origin or results from a limitation of the theoretical approach of
Pessah (2010) is beyond the scope of this work.

4 The accuracy in the determination of the angle and the wavelength, ≈9◦

and ≈10 per cent, respectively, depends on the accuracy in the determination
of kp, which is set by the size of the box.

Figure 12. Characteristics of the parasitic instabilities for model #7 during
the late stage of MRI evolution. Green crosses and blue diamonds depict the
angle, φp, and the wavelength, λ, of the parasites, respectively. Horizontal
solid lines show the corresponding theoretical values for KH modes that one
expects to develop in this simulation.

We have performed a similar analysis for all our other simula-
tions. Table 1 gives the values of λp and φp at a representative time
before termination (i.e. at 11 ms for models #1 to #16, and at 12.5 ms
for models #17 and #18). In the following three subsections, we dis-
cuss the influence of different numerical and physical parameters
on the values of these two quantities.

4.2.3 Box size

Next, we address whether the size and aspect ratio of the computa-
tional domain influences MRI termination (for a somewhat similar
study of the post-termination phase, see Bodo et al. 2008). Follow-
ing Obergaulinger et al. (2009), we simulated models #5, #6, #7, and
#10 in a box of (the default) size (Lr × Lφ × Lz = 1 km × 4 km ×
1 km). We performed additional simulations reducing the size of the
box in φ-direction (1 km × 1 km × 1 km, model #8), and both in φ

and z-direction (1 km × 1 km × 0.333 km, models #2, #3, #4, #9,
and #11). Finally, we computed several models (#12 to #18) where
we varied the azimuthal size Lφ of the domain (see Table 1).

The main motivation for using a smaller box in some of our
simulations was computational cost reduction. In accordance with
theoretical predictions of Pessah (2010) for flows with Re, Rm ≫
1, we found that in model #7 parasitic instabilities develop at an
angle φp ≈ 45◦ (see Fig. 12, and middle panel of Fig. 9). This result
suggests that it is unnecessary to use a box elongated in azimuthal
direction (Lφ > Lr). Instead, one could rather study the MRI in a
box with a horizontal aspect ratio Lr = Lφ to minimize the volume
of the computational domain without affecting the development of
parasitic instabilities. To test this hypothesis, we simulated model #8
in a box of size Lr × Lφ × Lz = 1 km × 1 km × 1 km using the same
spatial resolution as for reference model #7. In both simulations, the
Maxwell stress tensor at MRI termination attained the same value,
which confirms our expectations.

We can further reduce the computational domain in the verti-
cal direction based on the following observation. In simulations

MNRAS 456, 3782–3802 (2016)
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From Rembiasz+ 2015

• Explosive growth of the 
magnetic field at small 
scales 

• Global dynamics?  

• Dynamo action?



Global MHD Simulations

• 10 billion grid points 
• 130 thousand cores on Blue 

Waters 
• 2 weeks wall time 
• 60 million compute hours 

Mösta, Ott, DR+ 2015



Magnetic Field Structure
dx=500m dx=50mdx=200m dx=100m

Mösta, Ott, DR+ 2015





Dynamo Action
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Conclusions

• Turbulence: need for very high resolutions 

• Kolmogorov spectrum is recovered 

• MHD: large-scale fields can be produced





Initial Data
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