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I am interested in modeling thermonuclear explosions over a wide range of length scalesin
astrophysical ervironments. The physics of nuclear burning under extreme conditions is key to
providing an understanding of supernovae, classicalnovae, and X-ray bursts. My resear® involves
the use of computational uid dynamics and parallel computing. In the past few years, | have
focusedon mainly on Type la supernova (SNe la) ame instabilities, but have also studied mul-
tidimensional aspects of type | X-ray bursts and mixing in Type Il supernovae. At presen, | am
applying two large simulation codesto my researt, ead with their own strengths. The rst code
stemsfrom a collaboration | initiated with the Center for Computational Scienceand Engineering
(CCSE) group at Lawrence Berkeley Laboratory. We are applying their adaptive-mesh,low Mach
number terrestrial conbustion code to ames in SNela [1, 2, 3]. The low Mach number formu-
lation freesus from the sewere timestep constraints demandedby sound waves. The secondcode,
FLASH4], is an adaptive mesh, parallel, compressiblehydrodynamics code deweloped at the Flash
Center/Univ ersity of Chicago, where | was a graduate student and one of its original dewelopers.
This code is very well suited to problemswith strong shocks and large rangesof spatial scales,and
hasbeenusedasthe basisfor my work on X-ray bursts [10, 11, 12] and mixing in Type Il SNe. In
a limited time, | feelthat | have already made major contributions in ead of theseareas.

Flame Instabilities in Type la Supernovae
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Type la supernovae are believed to re-
sult from the thermonuclear explosion of a
Chandrasekharmasswhite dwarf. Modeling
and obsenations demand that the burning
begin as a subsonic de agration at one or
more points near the certer of the star. This
ame must accelerateconsiderably up to one
third the soundspeed,in orderto accourt for
the obsened nucleosyrhetic yields, spectra,
and energies[6]. There is some speculation
that it may transition to a detonation [8], but . , _ ;
large scale simulations suggestthat a de a- F'gure 1'3 Carbon mass fraction for 15 100 gem

10" gcm 3,6:67 10° g cm 2 ames showing the transition

gration alone can producean explosion[5, 9].  from the amelet to distributed burning regime.
Obsenations suggestthat SNe la are "nor-

malizable' standard candles,and they have had an incredible impact on cosmology[7].

A detailed understanding of the explosionis still missing, however. The range of length scales
in this problem span 12 orders of magnitude|from a ame thinner than a sheetof paper to a star
the sizeof the earth. This puts a fully resolved calculation of the entire explosionwell out of reacth
of even today's massiwely parallel computers. | have choosento focus on the small scale physics,
fully resolvingthe ame, and applying what we learn about the combustion processe®n the small
scalesto building subgrid models, that will allow us to simulate the full stellar explosion.

The dominant accelerationmedanism in this cortext is the Rayleigh-Taylor (R-T) instability.
The cool fuel ahead of the ame is in pressureequilibrium with the hot, lessdenseash behind
it. This con guration is R-T unstable. These ames are very subsonic, with a Mach number
of O(10 3) or less, putting them out of reach of fully compressiblealgorithms. Through our
collaboration with the CCSE group, we have performed direct numerical simulations of theseR-T
unstable ames over a relevant range of densities. We nd that if the burning is fast enough,
it can burn away small perturbations before they have a chanceto grow, a processcalled " re-
polishing'. This setsa small scalecuto to the growth of the reactive R-T instability. At densities
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around 10’ g cm 3, the ame is proposedto transition from the amelet regime, characterized
by a well de ned separation of fuel and ash, to the distributed burning regime [8], where small
scaleturbulence and instabilities can rip the ame apart, directly mixing fuel and ash. We have
performed the rst multidimensional (2-d) simulations of this transition [3] and have concluded,
contrary to speculations in the literature, that a transition to detonation at this point appears
unlikely. Figure 1 shows the carbon massfraction for the R-T unstable ame at three dierent
densities. At the lowest density, 6:67 10° g cm 3, the reactions are peaked in small pockets and
the ame surfaceis not very well de ned|the hallmark of the distributed burning regime. At
the highest density, 1:5 10’ g cm 2, the ame looks much more laminar and it is easyto trace
out a well-de ned ame surface. In all cases,signi cant acceleration (up to six times laminar) is
obsened, limited only by the size of our domain. In these simulations, we resole the thermal
structure of the amelno ame model is required. This ensuresthat we model the true dynamics
of the ame, including its responseto stretch and strain by the ow.

Recerly, we have extended these calculations to
three dimensions (see Figure 2). Here, in addition to
the dynamics of the R-T instability, turbulence takes
a greater role. This simulation is very high resolution,
an e ective grid of 512 512 1024, and again we re-
solve the burning structure of the ame. At this den-
sity, the ame thickness, the re-p olishing scale, and
the smallest scale where turbulent eddies can perturb
the ame beforeburning away (the Gibsonscale)are all
about equal. As Figure 2 shows, the ame is initially
disturb ed by the R-T instability, and re polishing pre-
verts the wrinkling on the smallestscales.As the ame
ewlves, turbulence from the large scalescascadesiown
to scaleson the order of the ame thicknessitself, thor-
oughly wrinkling it. This calculation wasfeaturedin the
Nov 9, 2004 Sciencesection of the NY Times and was
highlighted by the NERSC computer certer at SC 2004.

A critical pieceof the SNela puzzleis understanding how the
ignition proceeds.lt is thought to beginwith oneor many hot bub-
blesforming nearthe certer of the convecting white dwarf. If these
bubbles can burn quicker than they cool by expansion,a ame is
born. A rst principles calculation of buoyantly rising reacting
bubbles has never beendone previously|either in the astrophysi-
cal or combustion literature. We can approad the problem again
using the low Mach number hydrodynamics formulation and re-
solvingthe ame structure. We pick adensity of 1:5 10’ gcm 3,
much lower than the ignition actually occurs at, so that we can '9ur¢ 3 A 3-d resoled burn-

. . . . L ing oating bubble, after it has de-
resole all of the interesting length scales. Sincethis ame is in  fymed into a torus.
the amelet regime,whereignition occurs,the qualitativ e features
of the calculation carry over to the true ignition densitiesand much larger length scalesthrough
a self-similar scaling. Figure 3 shows a volume rendering, from a 3-d calculation, of the ash after
drag has deformed the initially spherical bubble into a torus. Hydrodynamic instabilities begin
to wrinkle this torus. We hope to cortinue this calculation far enoughto seethe ash grow by
many times its initial mass. We are most interestedin seeingwhether the instabilities becomelarge
enoughto fragmert the bubble and learning, in detail, how the burning spreads.

Figure 2: 3-d R-T unstable ame at seweral times
showing the transition to turbulence.
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Typel X-ray Bursts and Type Il Supernovae Mixing

| also enjoy working on type | X-ray bursts|the ignition of H/He or He
in the accreted envelope of a neutron star. Simulating a type | X-ray burst in
multi-dimensions is very di cult.  The burning is subsonic,making fully explicit
timestepping algorithms ill-suited. My rst approac was looking at detona-
tions through the burning layer [11], but this is rather unphysical, asit requires
extraordinarily high densities. Trying to maintain hydrostatic equilibrium in
FLASHed to maodi cations to the PPM algorithm [10] which help greatly. At-
tempts to model a subsonicde agration have met with di cult y in the ignition
process,especially localized ignition without rotation [12]. Understanding the
ignition of thesebursts is a problem | would like to return to.

Another problem of interest to me is the late stagesof Type |l supernovae,
where the outward propagating shock runs through composition gradierts left
from the previous stagesof burning, prompting mixing through the R-T instabil-
ity (seeFigure 4). | have spent sometime working on improving the resolution

) of previous studies, using adaptive meshre nement, pushingto earlier times in
Figure 4: FLASHal- .
culation of mixing the post-bounceewlution, and plan to compare 2- and 3-d. Theseresults can
in Type Il SNe. also provide a better model of the mixing for usein 1-d stellar ewvolution codes.

Future Research Directions

In the short term, | wish to continue my studies of small-scale ame dynamics. There are still a
lot of important questionsregarding ame physicsin SNe la. For example, how doesthe ame
propagate transverseto gravity? We expect there to be a large amount of shearacrossthe ame
interface. It is nasve to expect it to propagate at the samespeedtransverseto gravity asit does
againstgravity, via the R-T instabilit y, but this is what most current ame modelsassume.Studies
of ames propagating in sheared o ws will let us formulate a model for the directional dependence
of the ame speed.

In the future, | would like to cortinue toward large scale simulations on SNe la, working up
from the small scales. | have cometo appreciate that choosingthe proper algorithm is the most
important part of multidimensional modeling of SNe la and X-ray bursts. Resoled simulations
of the reactive R-T instability would not be possiblewithout a low Mach number formulation of
the Navier-Stokesequations. Fully compressiblehydrodynamics codes, popular in the astrophysics
comnmunity, simple cannot do the problem. The productivity gained from exploring alternate
hydrodynamics algorithms is enormous. | wish to apply what I've learned about these methods to
the dewelopmen of a code tuned toward large scalesimulations of the SNe la explosions. Suc a
code would also be applicable to type la X-ray bursts. | will draw on my experiencesas one of the
dewelopers of FLASHa 500 000 line simulation code, to work on this next generation supernova
code. Being a deweloper of FLASHas taught me how to work in a large, distributed developmert
group, as well as the importance of regular testing, version cortrol, and regular code validation,
so you have con dence in your results. Even with the best of codes, all of these simulations
require large computers. Both of the 3-d simulations described above contained over 100 million
computational zones, generated se\eral terabytes of data, and required 256{512 processorsand
seeral weeksto run.

The trickiest part of the large scale simulations is the dewelopmert of a ame model that
can treat the subgrid scale physics. There are two methods of represerting an unresohved ame
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in a large-eddy simulation that are in wide use today, level-setsand thickened ame methods.
What is missing from their application is a validation against direct numerical simulations in the
astrophysical ervironment. | am starting to do comparisonsof di erent ame models against the
fully resolwed calculations we have already performed, matching the parameters of the calculation
as closeaspossible,but usingthe ame model to move the ame instead of fully resolvingit. Sud
validation of ame models against resolved calculations has never been done in the astrophysics
comnmunity, and it is an important step in producing reliable supernova models. Current ame
models do not include all the details of the ame physics, especially the directional dependenceof
the ame speedand the ame's responseto stretch. We are also the only group presenly able to
perform multidimensional simulations in the distributed burning regime without a ame model. It
is herethat the last 10{20% of the supernova's energyis released.Missing thesedetails could mean
the di erence betweena successfukxplosionand a failed one. It is my hope that in a year, we will
have enoughcon dence in a ame model, from this validation, to apply it to the full star.

There are a lot of outstanding questionsregarding the SNela explosionmedanism|ho w many
points doesthe ignition begin at? Is a de agration to detonation transition necessary?Are there
nucleosynhetic signatures resulting from these di ering modes of explosion that can be usedto
constrain the models? Working up from the small scalesvherewe canunderstandthe ame physics,
toward the large scales,and building on what we have learned previously can help answer these
qguestions. This will be the focus of my next few years of researd.

Movies of these simulations and further information can be found at http://www.ucolic k.org/ zingale/.
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