PROCEEDINGS

OF SCIENCE

Type la supernovae

Stan Woosley, 7
Department of Astronomy and Astrophsyics, UCSC, Santa Ci85064
E-mail: woosl ey@icol i ck. org

Dan Kasen, Haitao Ma, Gary Glatzmaier,

Department of Astronomy and Astrophsyics and Departmdaadh and Planetary Sciences,
UCSC, Santa Cruz, CA 95064
E-mail: kasen@col i ck. or g, ma@icol i ck. org, gl at z@neral d. ucsc. edu

Andy Aspden, John Bell, Marc Day,
Center for Computational Sciences and Engineering, LBNitk&ey, CA 94720
E-mail: aj aspden@ bl . gov, j bbel | @ bl . gov, nsday@ bl . gov

Alan Kerstein, Vaidya Sankaran,
Combustion Research Facility, Sandia National Laboragsyi_ivermore, CA 94551
E-mail: ar ker st @andi a. gov, vsankar @andi a. gov

and Fritz Répke

Max Planck Institut fiir Astrophysik, Garching, Germany 5781

E-mail: f ri t z@®PA- Gar chi ng. MPG. DE
Type la supernovae are the biggest thermonuclear expl®sidhe modern universe and respon-
sible for making about 2/3 of the iron in our blood. They al$aypa special role as calibratable
standard candles in cosmology, yet our understanding ofi iegrimitive. We discuss reecent
attempts in theory and simulation to describe more phylgithé ignition of the runaway in a
carbon-oxygen white dwarf; the possible transition of lngrio detonation; and the light curves,
nucleosynthesis, and spectra of multi-dimensional modeie convection prior to ignition sets
up a dipole-flow that implies off-center, lopsided ignitiaith an offset that depends on the ro-
tation of the white dwarf. Once the flame ignites, an extengeribd of subsonic burning is
followed by a transition to a detonation that happens wherbtirning enters the “stirred flame”
regime. In terms of combustion parameters, the requireditions for detonation are Karlovitz
numbers much greater than 10 and Damkdhler numbers of appatety 10. Multi-dimensional
models employing these ignition and detonation critene gjood agreement with the observed
light curves and spectra of supernovae and with the obsevigtl-luminosity relation. The data
base generated by these models will be useful in planningd &N la survey missions.
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1. Introduction

The “Type la supernova problem”, how such supernovae erpéodl their observable prop-
erties, is actually a nested set of four problems, with theaue of each depending on the results
of the previous one. To a large extent, the problems are aklgarFirst is the evolution leading
to the runaway and the specific ignition kernel. In a carbrygen white dwarf of nearly the
Chandrasekhar mass, where does the temperature first ekectbdeshold for explosive burning?
Does ignition happen at many points or just one, and is @miéin ongoing process, or one that
halts as soon as the first small region runs away? Second ssitis®nic propagation of the flame.
The hot ashes lie beneath cold fuel and the interface is blestinstabilities make turbulence that
feeds back on the burning front telling it how to deform andvenoHow fast, on the large scale,
does the burning move as a function of time, radius, and anghérd, observations suggest that a
subsonic flame (i.e., a deflagration) alone will not produtadequate explosion. When and how
does a transition to detonation occur? Does this tranditappen many times in the explosion? Is
the transition robust? Fourth and finally, having followhd hydrodynamics and nucleosynthesis,
what does the supernova look like? What are its spectrumigimiddurve as a function of time?

Here we present new results for the ignition, detonatiog)aasynthesis, and radiation trans-
port problems using a state-of-the-art approach to mogl#tia flame during the deflagration phase.

2. lgnition

We assume a “standard” model for a Type la supernova, a 138dvbon-oxygen white dwarf
(typically 50% of each by mass) igniting at a central densft2.9 x 10° g cn2 and temperature
~ 3x 1 K. This so called “Chandrasekhar mass model” is thought tarbeutcome of accretion
from a binary companion whose properties are still poorfyngel. Alternative sub-Chandrasekhar
mass models [1] are not considered. Our calculations arskthbothers suggest that the spectra
of such low mass explosions is unlike what is observed. Megrgvhite dwarfs are an alternate
scenario that might also lead to a progenitor not much latiggn My, if magnetic torques are
included [2, 3], though the full simulation has yet to be done

Explosion does not occur upon first ignition, but is delaygdldew centuries as convection
thaws out the cold white dwarf, raising the overall tempef4] until a central valuew 7 x 10° K
is reached [5]. At that point convection can no longer cangyihcreasing flux of energy released
by the degenerate thermonuclear runaway and burning beclmwadized, occurring in hot spots
that develop temperature discontinuities at their bouadaiT he flame is born.

Just where first ignition occurs dramatically affects thpesgance of the subsequent super-
nova. Ignition closer to the center, gives a longer lastingre energetic deflagration phase, and
hence a weaker detonation phase, [6]. Ignition far off aegiees the converse. An important
recent result is the verification of a prediction by Chanekasar [7] that the convection prior to
runaway is not isotropic, but has a dipole character. Thigensional studies by Kuhlen et al. [8]
showed that this leads to lop sided ignition, off-center.

Those first 3D calculations were done in spectral coordinatgh spherical symmetry, so
the grid had a central singularity which required removing innermost regions of the star from
the simulation. We have now repeated Kuhlen’s study usin® &artesian grid (but still using
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Figure 1: The distribution of entropy perturbations in a 3D anelasiticulation (384 zones) of the convec-
tion leading up to a Type la supernova explosion. The staoigatating. Red color indicates regions of
high entropy and maximal excess temperatd®). The total temperature, T 8T, is greatest at the base
of the red region, and that is where ignition occurs [9].

anelastic hydrodynamics) that has no coordinate singul@&ji. Our new results (Fig. 1) agree with
his earlier findings. The maximum temperature is still foumdn outflow on one side, displaced
from the center by~100 km. Interestingly, calculations of the same star withgame code in 2D
showed a very different ignition pattern. The dipole cotivecflow was still clearly present, but
the hot spots developed in a torus around the jet where thestimgnated. The 3D results, though
low in resolution (Re~ 1000), are regarded as superior because of the well knovdeney of
2D turbulence to cascade to artificially large scales. Thautation was also repeated with a mild
amount of rotationw = 0.84 rad s, or about 2% of break up. Even this relatively small amount
of rotation affected the flow pattern. The dipole was sti#gmnt, but fractured and twisted by the
Coriolis force. Ignition still occurred a little off cent@m one side, but closer to the center. It
may be that the brightness of a SN la is related to the rotatite of the presupernova star. An
important caveat is that the 3D calculations of Ma et al. reavather low Reynolds number due
to numerical viscosity, Re-1000. The actual Reynolds number in the star is about 10 ®afer
magnitude larger. Convection at such high values of Re magy agualitatively different character
and the dipole flow may be less pronounced [10, 11, 12]. Wewremtly repeating the calculation
using a new 3D low-Mach number code, MAESTRO, developedhisrgurpose [13, 14].
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Figure 2: Flow patterns in 2D slices of the 3D calculation shown in Big;nd an equivalent calculation that
rotated with an angular speed of 2.52 rad entrifugal force/gravity = 15%). The figures are coloded
by entropy-perturbation, yellow and red being highesthmrotating model (right) the flow is more chaotic
and the dipole flow not so apparent. The high temperaturemegimost overlaps the center [9].

3. Propagation

Once the flame is born, the computation enters a new phase Whierinstabilities and turbu-
lence are the dominant effects and challenges. The hot &sioyant with respect to the cold fuel
in which itis immersed. As it rises, shear gives rise to tighae which cascades to smaller length
scales where it affects the motion of the flame. For plumehl ahiaracteristic sizes of hundreds
of kilometers this sets the integral length scale for tuebué to be about 10 km. Any physical
description of the flame must either very finely resolve taigth scale, or use a subgrid model for
the turbulence - or both. Since the initial radius of the ®&800 km, and growing rapidly as it
explodes, sub-km resolution in 3D is not yet feasible (tHoiigs a lot easier than trying to resolve
the flame itself which is only 16 - 10~ cm thick). We thus employ a subgrid model [15]. A
survey of 2D models ignited at various distances from theereof the star is given in 85.

4. Detonation

Itis widely believed that in order to explain the observasi@f especially the brightest Type la
supernovae, nuclear burning that remains subsonic atredkt{deflagration) is inadequate [16, 17].
There must be, at late times after the star has already eggasighificantly, a transition to a more
rapid form of burning, i.e., detonation. So far, “delayedot@tion” has been introduced into the
models as a free parameter, typicallyahhocfunction of density and turbulent energy. We have
recently explored the conditions that might lead to a lowsiky transition to detonation in analytic
[18], and in 1D [19], and 3D [20, 21] simulations. The conabusis that the prospects for delayed
detonation are looking good. The necessary conditions et is seen in the multi-dimensional
models and the predicted density is close to that invokedawipus parametrized calculations.
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Figure 3: Instantaneous vertical slices of fuel consumption ratiefise burning in red, no burning in blue).
As the flame burns in increasingly larger integral lengtHesiaghere is a decrease in the relative size of the
flame structures, with burning occurring in distributed lggts. The whole domain width is shown but the
height is cropped. The widths of the three calculations &fecin, 1200 cm, and 9600 cm.

4.1 3D Study

The work of Aspden et al. [20] focuses on flame in fuel that %50, 50% O for a range
of densities -8 x 10’ g cni 3. Flames are calculated in an assumed background of isotropi
Kolmogorov turbulence with an energy dissipation ratg/L ~ 10'° erg g s~1, comparable to
what is seen in the supernova for characteristic turbulpeeds of 100 kms' on a scale of 10
km. Their calculations use a 3D low Mach number code and lglsaow a qualitative change in
the nature of the burning at a density between 2 and.@’ g cm 2. At higher density the flame,
though clearly distorted by the large scale eddies, stilbbes like a laminar flame as anticipated by
Damkéhler [22]. However, as the density approachégyldin 3, the nature of the burning changes
as small eddies penetrate the burning region and start téugland ash on a scale larger than the
flame thickness. In terms used by the chemical combustiommuaority, the Gibson length, the
smallest eddy that can turn over on a burning time scale,rhes@maller than the flame thickness.
That is, the Karlovitz number, Ka, which is the square roahefflame thickness to Gibson scale,
becomes greater than 1.

More recent studies on larger length scales by Aspden etdikasssed in [21], show larger
mixed structures being created as the calculation is egtbimllarger length scales of turbulence
(Fig. 3). Unfortunately, even on current generation magehira sufficiently large (10 km) 3D
calculation with the necessary resolution is not feasMle thus turn to 1D tools from the chemical
combustion community for assistance.

4.2 1D ResultsUsing LEM
The Linear Eddy Model (LEM) [23] is a numerical techniquetttaptures many of the aspects
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Figure4: The birth of a detonation. A sample mixture calculated usiBl for a density 10 x 10’ g cm 3,

u’ =500 km s'%, and L = 10 km was mapped into a compressible hydrodynamibs and its subsequent
evolution was followed. The time selected was charactdfigea very subsonic flame speed but temperature
gradients that looked “interesting”. Following the remapjch preserved distance scale, ash was on the left
and fuel on the right. A detonation developed that, barrarge barriers of ash, would explode the whole
star (see text). Shown in the plot are carbon mass fractiold)goressure (blue), temperature (black), and
velocity (red) at four different times - 0, 0.15, 0.30, and®ms after the mapping. The velocity has been
divided by 500 km st in frames 1 and 2, 2000 knt&in frame 3 and 5000 knT$ in frame 4. The pressure
has been scaled by the background valu@g$ 10°3 dyne, in frames 1, 2, and 3, and by an additional factor
of 5 in frame 4. The temperature has been divided By310° K.

of 3D turbulence on a 1D grid. A background isotropic turbglke obeying Kolmogorov statistics
is assumed and the action of eddies on a field of abundancetemperature is represented by
an instantaneous map (a so called “triplet map”). Eddy lonatare random and size sampling is
based on Kolmogorov scaling. The triplet map captures cesgre strain and rotational folding
effects of eddies and causes no property discontinuitibés 8pproach simulates evolution along
a 1D line-of-sight through a 3D flow.

The first frame of Fig. 4 shows the result of a calculation afibulent flame, also at 10y
cm—23, modeled with LEM. The turbulent energy dissipation rates wamewhat larger than for the
3D study, 500 km st on a length scale of 10 km, but still within the bounds expe:atethe super-
nova [24]. Conditions from an admittedly carefully selecpmint in the calculation were mapped
into a compressible hydrodynamics code, Kepler [25], ardtibsequent burning followed. Burn-
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Figure 5: Chemical structure of the ejected debris for a subset of ¥pdosion models which vary in

56Ni mass. Blue represents intermediate mass elementssjliegn, sulfur, calcium), green stable iron
group elements, and ré8Ni. The turbulent inner regions reflect fluid instabilitigmt develop during the

deflagration phase of burning. Figure taken from Kasen &4l [

ing of a small fraction of carbon at high temperature in th&tare occurred supersonically. This
launched a pressure front, not yet a detonation, that wasifeedpy burning in the surrounding
fuel-ash mixture. Because of the generally monotonic dedtif the burning temperature over a
distance of almost a km, the strength of the burning and ogespre grew until a strong detonation
wave was present. This wave then propagated successflitif/tbe grid and, presumably, through
the remainder of the star.

A variety of conditions must occur simultaneously for dettion to happen. None are overly
restrictive, but the combination is a rare occurrence. @K since there are many opportunities
realized on a 10 km scale across the flame front, which may 86@'40f km in size by the time
the detonation happens. The first condition is that the sastebulent fluctuations must already
move at a substantial fraction of the sound speed. 500 Knseems a minimum; the sound speed
at the relevant density is about 4000 km's The flame must be torn by the turbulence, hence
Karlovitz numbers greater than 10 are required, but mone that, the mixed structures must be
large enough to initiate and sustain a detonation. Thisiresjthe density to be low enough that
large eddies can turnover without burning. A measure of thraibg in a large eddy turnover time
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Figure 6: Relation between the peak B-band brightness (measured ioglarithmic magnitude scale) and
light curve decline rate, here quantified using the declingrightness measured from peak to 15 days after
peak. The dashed band indicates, approximately, the adxbevidth luminosity relation and its spread.
Figure from Kasen et al. [27].

is the Damkdohler number, Da. It seems thatD4a0 is necessary [19].

5. Survey

Based upon the general results of 82 and 84, thirty 2D modelye la supernovae were
calculated [26]. Burning was ignited in a variable solid langlisplaced slightly from the center.
Specifically, 20 to 150 ignition points were chosen randouibtributed from the center out to
~300 km and in a solid angle whose opening varied from 60 dege860 degrees. Most of the
calculations had a large solid angle.

5.1 Light Curvesand Spectra

The post-explosion evolution of each supernova was cakmlil27] using a time-dependent
multi-dimensional radiation transport code [28]. For eauhdel, the synthetic broadband light
curves and spectral time series were determined as obseove®0 different viewing angles and
the results were averaged. The theoretical predictionsnageod agreement with the observed
properties of typical events, offering additional stromggort for some sort of delayed detonation
model of SNe la explosions. The peak bolometric lumincsit@ry from 0.6 to 2.0 x 1§ erg s,
spanning the range of luminosities observed in SNe la, d¢xgpthe most extreme sub-luminous
and super-luminous events. Without any artificial tunirg luminosity of the models correlates
with light curve shape, giving a width-luminosity-relatigWWLR) similar to what is observed. In
Fig. 6 the B-band peak magnitudes (MB) are plotted versupdsemaximum light curve decline
rate AM1s).
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Figure 7: Nucleosynthesis in two models [26]. The blue points are foexplosion that made 0.94 Mof
56Ni. The red points are for one that made 0.70 &f °®Ni. Figure from Répke et al [26].

5.2 Nucleosynthesis

The nucleosynthesis from two representative models isngiwe=ig. 7. These calculations
used an initial metallicity of 0.5 solar, though the resualte not very sensitive to that assumption.
Both models show reasonable agreement with the solar etahredsundance pattern in the iron
group, but only the brighter models reproduce the isotopé@® and nickel well. For the lower
energy explosion, more nucleosynthesis occurs in the daflag phase and electron capture at
high density overproduce¥Fe and®®Ni. For the higher energy explosion, a greater fraction of
%6Fe is made (a2®Ni) by detonation at low density. Brighter models also proeliess manganese
and titanium and there might be diagnostics of this in théohysof these two elements in metal
deficient stars in our Galaxy. These good agreemerftrafPFe andP®Ni/*6Fe for only the model
that makes mor&Ni suggests that the typical SN la in the history of the MilkyayVGalaxy
has been a bright one, with low luminosity events compagbtivare. This is consistent with
observations that suggest that SN la in spiral and star fgyrgalaxies are often brighter than in
ellipticals [29].
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