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ABSTRACT 

Observations using Type Ia (thermonuclear--‐powered) supernovae led to the discovery of dark energy and are one of the most promising methods for determining its 
properties. Most scientists believe using these explosions to accomplish the latter will require a much better understanding of them. Two major challenges face numerical 
astrophysicists in the Type Ia supernova field: (1) several key physical processes in these explosions are not fully understood, including buoyancy--‐driven turbulent nuclear 
combustion; and (2) very few simulations of the current models of Type Ia supernovae have been done, making it difficult to determine which of these models is favored by 
observations, and even more, what values of the many parameters specifying these models are consistent with observations. We report the results of extensive verification 
simulations of buoyancy--‐driven turbulent nuclear combustion for both planar flames in a channel and flame bubbles in an open domain, using FLASH on Intrepid at the 
Argonne Leadership Computing Facility (ALCF). These simulations have confirmed the existence of “self--‐regulation,” in which changes in the area of the flame exactly 
compensate for changes in the laminar flame speed, causing the nuclear burning rate to be independent of the laminar flame speed. They have also revealed much about the 
physical properties of buoyancy--‐driven turbulent nuclear combustion, providing important information for the verification of a subgrid model of such burning. We have also 
begun a comprehensive, systematic validation of the current models of Type Ia supernovae, using FLASH on Intrepid at ALCF and high--‐quality light curves and spectra 
obtained by the SDSS--‐II Supernova Survey team and its collaborators. We report the initial results of this validation effort. 

Conclusions 

• Buoyancy-driven turbulent nuclear combustion simulations show a flame-polishing scale 
below which the flame smoothes out any structure that would be formed by the local 
turbulent velocity field. 
• Flame bubble simulations show convergence of burnt mass and surface area with 
resolution indicating the existence of a flame polishing scale in the more complicated 
rising bubble simulations. 
• Simulations of both physical situations exhibit burning rates that are self-regulated when 
the laminar flame speed does not dominate. 

FLASH Center simulation campaigns to study buoyancy-driven turbulent nuclear 
combustion: A) Rayleigh-Taylor Flame Simulations – an initially planar flame spanning the 
width of a long channel in hydrostatic equilibrium with constant gravity burns its way up the 
channel. The panel shows the flame surface (left), the magnitude of velocity (center), and 
enstrophy (right). B) Flame Bubble Simulations – a small spherical ignition region is placed 
at the bottom of a long channel in hydrostatic equilibrium with constant gravity. As the 
spherical flame grows and rises its surface distorts due to hydrodynamic instabilities. The 
four panels in the image show the flame surface after 2 seconds of evolution from 4 
simulations with the same initial conditions but different spatial resolution (the resolution is 
labeled on the bottom corner of each panel). C) Type Ia Supernovae Simulations – a small 
spherical ignition region is placed slightly off center in a near Chandrasekhar mass white 
dwarf. As the spherical region grows and rises through the varying conditions in the white 
dwarf, it is distorted by hydrodynamic instabilities. The four panels show 4 simulations at 0.8 
seconds; each simulation has the same initial conditions but different spatial resolution (the 
resolution is labeled on the bottom corner of each panel). The orange surface represents the 
flame surface and the blue surface approximates the surface of the white dwarf. 
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(left) Plot of the surface area of the flame 
(and thus the burning rate) vs time from five 
flame bubble simulations. Each simulation 
had the same initial conditions and only 
differ by the spatial resolution used in the 
simulation. The plot shows that the 1 km, 2 
km, and 4km resolution simulations display 
very similar behavior as a function of time 
and suggesting the existence of a  
mechanism that regulates the burning rate 
independent of small spatial scales. The 16 
km resolution simulations exhibits a 
divergence that suggests important small 
scale structures are not being resolved. 
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Phases of GCD – orange/red represents 
regions of high temperature and green 
represents the surface of the white 
dwarf. Labels on the panels are time in 
seconds. (0.4 s) The flame is burning 
and rising through the star. It has lost 
its spherical shape and now resembles 
a mushroom. (1.0 s) Ash is breaking 
through the surface of the white dwarf. 
(2.0 s) Ash has spread over the surface 
of the white dwarf and collided at the 
point opposite of breakout, producing a 
hot, inwardly directed jet that is driving  
it’s way into the star. (2.5s) the jet has 
triggered a detonation wave that has  
propagated halfway through the star. 

MLCS data-driven model 
light curve fits to FLASH 
artificially-expanded-and-
detonated simulations. 
The black dots are data 
points of flux from the 
FLASH simulations. The 
green lines are MLCS 
data-driven model light 
curve fits to the input data 
in various filters. The 
letters on the graphs 
indicate the spectral filter 
in which the light curve is 
viewed. 

Confronting the FLASH models with data: (left) Scatter plot of the color parameter at peak 
magnitude vs stretch parameter from data-driven model light curve fits. The black dots are 
from observed type Ia supernovae, the red, blue, and purple dots are from FLASH 
simulations of an artificially expanded and detonated white dwarf star, and the light blue is 
from a full 2D GCD simulation. Different data points of the same color are from light curve 
fits from the same model but at different viewing angles. (right) Scatter plot of the peak B-
band magnitude vs  the color parameter from data-driven model light curve fits. The 
meaning of the colors of the data points are the same as in the plot on the left. 

Conclusions 

• Light curves from FLASH simulations of artificially-expanded-and-detonated (“mock-up”) 
models match the data-driven models well. 
• Viewing angle plays an important role in the properties of the light curves produced by 
the mocked-up models. 
• FLASH simulations overlap observed Type Ia supernovae in the color-stretch and B-band 
peak luminosity-stretch planes. 


