Blue Waters: Type Ia Supernovae
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Cosmologists have used the light curves of Type Ia supernovae (SN Ia) as tools for surveying vast distances. However, great uncertainty still exists regarding the underlying physics of a SN Ia explosion. While it is generally accepted that the exploding star is a white dwarf driven to thermonuclear runaway by the accretion of mass from a binary companion, the nature of the progenitor star and how it ignites and burns are debated. 

Especially uncertain are the initial stages of the runaway when the first sparks ignite and cascade of turbulent nuclear burning ensues. Previous studies have used coarse resolution and artificial initial conditions that substantially influenced their outcome. Here, we have the unique advantage of being able to import the results from our previous simulations of convection leading to ignition from our low Mach number code, MAESTRO, directly into our compressible code, CASTRO.  These initial conditions include the location of ignition and the turbulence on the grid.  CASTRO is a finite-volume, adaptive mesh refinement (AMR) code.  We are using multiple levels of grid refinement to capture the early post-ignition dynamics at unprecedented resolution, revealing the essential character of the burning.

Our main study of the SN Ia problem using the Blue Waters Early Science System proceeded as follows.  We mapped the results of previous MAESTRO calculations into CASTRO – the finest resolution was ~4km / zone.  We then progressively added additional resolution by restarting the simulation while adding another refinement level about the central region of the star, and letting the system evolve for some steps to allow the turbulence to cascade to the (new) small scales and the grid structure to stabilize.  The additional levels are carefully added in such a way that they sufficiently refine our intended ignition region while keeping the number of grids manageable.  

Once we reached our target fine resolution of ~130 m / zone, we then added an ignition point at ~41 km off center in the star, where our MAESTRO results indicated ignition occurred.  The ignition point is a perturbed sphere of 2 km in radius, and its evolution is modeled using a thickened flame.  At this point, there are about 2.5 million zones at the finest level, but they only cover 0.0005% of the entire computational domain!  

We then let the system evolve.  The initial perturbations burned through very rapidly and the flame surface became a smooth spheroid.  After about 0.05 seconds, the bubble's buoyancy caused it to take on a classical “mushroom” shape, where the cap of the mushroom has moved outward radially from the initial ignition point and has started to expand laterally.  By 0.3 seconds, the bubble had travelled radially outward about 200 km.  The flow pattern in the bubble was then dominated by a strong radial velocity in the stem that drove high vorticity flow in the rim of the cap, causing the cap to roll up into itself.  This roll-up tended to entrain fresh fuel into the interior of the bubble where it quickly burned.  After about 0.4 seconds of evolution, we began to see once again small-scale structures that persisted on the flame surface giving it a rough, wrinkled appearance.  The figure shows an example of the flame surface and how far it is has travelled after about 0.6 seconds of evolution.

This simulation was carried out as a series of 32,768 and 65,536 core jobs where we used both integer units per core-module. As the buoyant bubble rises and the flame grows in size, the number of zones at the finest level dramatically increases, which allows for efficient use of more cores.  By about 0.4 seconds of evolution there are over a billion zones at the finest level, and a single restart 
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file is ~250 GB.  At this point we dropped one level of refinement bringing our finest resolution up to ~270 m / zone.

Our main goal, as per the ESS proposal, was to simulate a large fraction of the ~ 1 second it takes the bubble to reach the surface, using higher resolution than has been previously possible; we have done this.  In addition, we were also interested in how the background turbulence and choice of ignition location affect the bubble's evolution.  To this end, we performed five additional simulations with our ESS time: two simulations with the MAESTRO background turbulence, but ignited at the center and 10km off-center, and three simulations without the turbulent field ignited at the center, 10km off-center, and ~41 km off-center.  These additional simulations are in varying stages of evolution, with the furthest being evolved to about 0.5 seconds.  A somewhat surprising result of these additional simulations is that the background turbulence only seems to affect the flame morphology for ignition close to the center; the ~41 km off-center ignition studies showed no discernible deformation due to turbulence.  This is likely due to the fact that a central ignition has no buoyantly preferred direction and expands equally in all directions except for minor changes due to the turbulence, whereas an off-center ignition does have a preferred direction and buoyancy tends to strongly distort the bubble along that direction overcoming any small changes from the turbulence.

These six simulations produced over 45 TB of data that still need to be analyzed for interesting scientific results.  Needless to say, the time provided to us on the ESS will result in at least one publication, and likely a few talks/posters.  Given more time on the full Blue Waters system, we can continue these simulations until the bubble breaks through and begins to spread around the stellar surface, possibly leading to a detonation as a SN Ia.  Previous studies of the breakout and spreading have been performed but at significantly lower resolution; our simulations will be able to determine if such previous studies were properly resolved.  In addition, we can further explore (at high resolution) the parameter space of ignition location and the effects of background turbulence on bubble evolution.

�Snapshot of the evolution of the buoyant flame after about 0.6 seconds of evolution.  The left panel shows the stellar surface in blue and the surface of the flame in red.  The right panel is a zoom-in of the flame surface, which exhibits significant small-scale structure.  The units of the axes are in kilometers.








