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ABSTRACT

We describe a mechanism by which a failed deflagration of a Chandrasekhar-mass carbon-oxygen white dwarf
can turn into a successful thermonuclear supernova explosion, without invoking an ad hoc high-density deflagration-
detonation transition. Following a pulsating phase, an accretion shock develops above a~doké.ptomposed
of carbon and oxygen, inducing a converging detonation. A three-dimensional simulation of the explosion produced
a kinetic energy ofL.05 x 10°* ergs and 0.M of *Ni, ejecting scarcely 0.0M_ of C-O moving at low
velocities. The mechanism works under quite general conditions and is flexible enough to account for the diversity
of normal Type la supernovae. In given conditions the detonation might not occur, which would reflect in peculiar
signatures in the gamma-ray and UV wavelengths.

Subject headings: hydrodynamics — nuclear reactions, nucleosynthesis, abundances — supernovae: general —
ultraviolet: stars

Online material: color figure

1. INTRODUCTION 1994; Hdlich et al. 1995), because current numerical experi-
ments do not favor such a transition in exploding WDs (Nie-
meyer 1999).

Bravo & Garéa-Senz (2005) sketched a mechanism through
hich a delayed detonation might naturally arise: the pulsating

In order to measure cosmic distances with the precision re-
quired to determine the equation of state of the dark energy
component of our universe, it is necessary to understand theW

physics of Type la supernovae (SNe la). From the theoretical reverse detonation (PRD) model. In the PRD paradigm, the

point of view, the accepted model of SNe la consists of a : A ; L )
Chandrasekhar-mass white dwarf (WD) that accretes mattereXp|OS|on proceeds in three steps: (1) an initial preconditioning

from a ol binar moanion. Thi nari nts for th phase resulting in the inversion of the chemical structure of
ho acos_;a ff[ihyg?\l Ipa 0 | tr? slceka tha((j:COU S Oth '€the progenitor WD, (2) the formation of an accretion shock

omogeneity ot the SV 1a samp’e, the fack of Nydrogen I eIr y, 41 confines the fuel, and (3) the launch of an inward-moving
spectra, and its detection in elliptical galaxies. There are two

main ingredients of the standard model that are still poorly de;onauon. In this Letter we present the results of 3D simu-
known: the precise configuration and evolution of the binary Ia_1t|ons -Of the PRD model. In the next section we des_crlbe our
C > 7 simulations and analyze the properties of the accretion shock,
system prior to thermal runaway of the WD, and the explosion o5, the final section we speculate about the implications of
mechanism. In spite of 40 years of theoretical efforts dedicatedyyis ne\y paradigm of SNe la. A more detailed report, with
to understanding the mechanism behind SNe la, realistic SIM-additional calculations of the PRD model, will follow (E. Bravo
ulations are still unable to provide a satisfactory description of D. Garca-Senz 2006. in preparation)’ '
the thermonuclear explosion. Nowadays, there is consensus tha‘% ' ' '
the initial phases of the explosion involve a subsonic ther-
monuclear flame (deflagration), whose propagation competes 2. THE PULSATING REVERSE DETONATION MODEL
with the expansion of the WD. After a while, the corrugation o )
of the flame front induced by hydrodynamic instabilities leads = OUur initial model consists of a 1.38., C-O WD. The hy-
to an acceleration of the effective combustion. The nature of drodynamic evolution started with the ignition of six sparks
the events that follow is currently under debate by advocates(model BO6U in Garcia-Senz & Bravo 2005)50'”0'””3“”9
of a transition to a supersonic detonation front and those ar-Maer = 0.18 Mg, in 1 s, while releasing2.5x 10> ergs of
guing that the flame remains subsonic. Recent three-dimen-nuclear energy, which led to the pulsation of the star.
sional (3D) models calculated by different groups have shown The details of the first phase, which spans t_he first 2 s after
that both explosion mechanisms have some strong as well aghermal runaway, have been known for some time (Plewa et al.
serious weak points. Pure deflagrations always give final kinetic 2004; Livne et al. 2005). Even though the precise configuration
energies that fall short of £bergs and leave too much unburned @t thermal runaway is difficult to determine, current work sug-
carbon and oxygen (C-O) close to the center (Gamezo et al.9€Sts @ multipoint ignition, in which the first sparks are located
2003; Hillebrandt & Niemeyer 2000; Reinecke et al. 2002). Slightly off-center (Gar@-Senz & Woosley 1995; Woosley et
Both results are at odds with observational constraints. Leaving@: 2004). If the number of sparks is too small, the nuclear energy
aside pure deflagrations, Gamezo et al. (2003) proposed thafeleased is not enough“t(_) unbind the star, and the“explosmn fails.
it would be necessary to assume that the turbulent flame triggers! NiS is known as the “single-bubble catastrophe” (Livne et al.
a detonation. On the other hand, the deflagration-detonation2005)- These bubbles float to t_he surface before the combust!on
transition (DDT) had to be postulated ad hoc (Arnett & Livne Wave can propagate substantially (Plewa et al. 2004; Garcia-
Senz & Bravo 2005), and the star remains energetically bound.
! Departament Bica i Enginyeria Nuclear, Universitat Potirica de Ca- This behavior produces_a com_posmon Inversion, 1.€., the fuel,
talunya, Diagonal 647, 08028 Barcelona,, Spain; eduardo.bravo@upc.edu.comp(.)s.e.d of cold Cfo’ fills the Inte.mal VOIUme’ while the ashes
domingo.garcia@upc.edu. of the initial combustion, mostly hot iron and nickel, are scattered
2 |nstitut d’Estudis Espacials de Catalunya, Barcelona, Spain. around (Fig. 1). In the 3D calculations the energy resides for the
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Mach number. We can reformulate this point in a more quan-
titative way as follows. The rate of mechanical energy deposition
at the accretion shock is given ly.. = 27r% ¢° , which can
be compared to the rate of nuclear energy released in a com-
bustion front propagating at velocitye,,,. = 4T % cq, where
g~ 5.8 x 10" ergs g' is the difference in nuclear binding en-
ergy between matter composed of C-O &fgi. Equating the
two energy rates, one obtains= 270  kmi.sThis is roughly
the flame velocity that would be required to revert the bulk
o 02 o4 o8 o8 1 12 s inward motion of the accreting matter. It turns out that this ve-
Mass coordinate (M,) locity is ~0.1v,,,,4 Which is much larger than the maximum
velocity of a stable deflagration at,, (Khokhlov 1988),,.4
] being the local sound velocity. Furthermore, due to the con-
. verging nature of the combustion wave, the fuel has nowhere to
d expand, ensuring that the flame will not be quenched.
] There is an additional condition for detonation initiation: the
nuclear timescale must be less than the hydrodynamical timescale.
The temperature attained at the accretion shock can be estimated
from the Rankine-Hugoniot conditions for a strong shock and the
ideal gas equation of state, givilig, = (3/16) @w/kgN,) v° , where
u is the mean molar mashl, is Avogadro’s number, ankl; is
the Boltzmann constant. In matter composed of completely ionized
C-O,u = 1.75g mol?, which givesT,, = 10° K. At the density
Fic. 1.—Formation of the hydrostatic core and accretion shock, whose struc- Of the shock, this temperature is not high enough to burn in less
ture is shown in the bottom pandlop: Evolution of the angle-averaged ve-  than a hydrodynamical tim@hyd = 446bt’h2 = 0.78 s; thus, the
locity profile during the pulsation of the WD, computed with a 3D hydrocode. shocked matter must be compressed further along its path toward
Bottom: The angle-averaged structure at the end of the pulsation, 7.18 s after . ?
thermal runaway, as a function of radius, showing the hydrostatic core up to the Slj'rface of the hydrOStat'C core before detonatmg' _Becaus_e of
~2500 km, the accretion shock a6000 km, and the expanding atmosphere the high accretion rate, the shocked gas remains optically thick,
above~20,000 km. The curves represent the angle-averaged radial velocity, and photons are trapped in the infalling matter, implying that
vs, in units of 1000 km &', the free-fall velocitypye. in the same units, the  radiative cooling is inefficient and the flow is radiation-dominated,
et Cgftg?oMZCh numbeyf” -, the log densityin g cm *, and the mass - o “the adiabatic coefficient decreaseg te 4/3 . Assuming an
1 Muel . . . . . . .
adiabatic evolution of this radiation-dominated shocked matter,
T o< p*3, one can compare the local values of the nuclear timescale,
most part in the outer 0.181,. Hence, the expanding motion 7, andr,, in order to find the radius at which explosive ignition
of the external material is decoupled from the rest of the structure,is reliable. With the additional approximations of steady state and
and a pulsation starts. spherical symmetry, the structure of the shocked flow between
The second phase of the explosion begins when the deflathe accretion shock and the core can be obtained by solving the
gration quenches due to expansion, and ends when an accretioset of equationse = /2 + p/ [p (y — 1)] — GM/r = const
shock is formed by the impact of the infalling material. Atthe (conservation of energypor? = const (conservation of mass),
end of this phase, the inner 1M, C-O rich core adopts an  andp oc p** (adiabatic evolution), starting from the physical state
equilibrium configuration inertially confined by an accretion behind the shocla,, T, ,and, = v/4 = 1250 km'sWe have
shock (Fig. 1). Before describing the events that ensue to thefound thatr,,.< 7,4 atr4,,= 3400 km ang ,,= 1.3 x 10° ¢
formation of the accretion shock, we analyze its properties, cm™? i.e., a detonation is able to form 0.2, inside the accretion
based on the structure of the shock resulting from our simu- shock. It turns out that the ignition of a detonation critically de-
lation of the first pulsation of the WD. We show that a deto- pends on the amount of mass burned during the deflagration phase:
nation is expected to start a few thousand km below the ac-the largeiM,,, the more difficult it is for a detonation to form. In
cretion shock, and that once formed, it cannot be quenched dueanother model that burnéd,.; = 0.29M, subsonically, the tem-
to a rapid expansion of the core, which remains confined dueperature and density behind the shock increased only to<4.5
to the large impact pressure of the accreting matter. This anal-10° K and 1.4 x 10° g cm®. Eventually, one can expect that by
ysis is intended to provide a physical basis for the formation slightly increasing the value o, the physical conditions behind
of the detonation, in order to support the results of our hydro- the shock would not allow the formation of a stable burning front,
dynamical calculations, which might be affected by numerical and the explosion would finally fail. We expect such a failure for

Velocity (1,000 km s!)

Accretion shock at 7.18 s

100

Radius (1,000 km)

resolution. a narrow range dfl,,; ~ 0.29-0.35M, in which case the event
The structure of the WD dt = 7.18 s can be seen in Fig- would not resemble a SN la.
ure 1. Below~15,000 km, matter is flowing in toward the hy- The third phase of the explosion starts when the converging

drostatic core. The accretion shock startg,at 5000 km (La- reverse detonation wave is launched. This phase has been com-
grangian mass-1.17 M), where the inward velocity of the  puted with our 3D hydrodynamical code, the same as in@arci
infalling matter isy, ~ 5000 km 5% The density just above the Senz et al. (1999), although with higher resolution (we used
accretion shock is, = 8.3 x 10* g cm, while the density of 250,000 particles). In our model the detonation starts naturally
the shocked matter rises @, = 40,= 3.3x 10° ¢ cn as a result of the compressional heating caused by the accretion
Once formed, the accretion shock remains confined close to theshock, and once initiated, the detonation is self-sustained by the
hydrostatic core due to the large impact pressure of the infalling burning of fuel either to intermediate mass or to Fe-group ele-
matter compared to the gas pressure behind the shockments. During the first 0.3 s after detonation ignition, the ac-
pv’lp = yM? ~ 12, wherepv® is the impact pressurejs the cretion shock remains stationary, close to the core (Fig. 2). Af-
gas pressure, = 5/3 is the adiabatic coefficient, &id  is the terward, the overpressure generated by the nuclear energy
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Fic. 2.—Evolution of the velocity field and isotemperature contours during the detonation phase in a slice of side 10,000 km, which~8%%6sesthe
mass of the WD. The snapshots are shown in time steps of 0.1 s since the formation of the detonation. The temperature contoursTbegin>witef K and
continue in steps 02 x 1¢° K. The detonation starts in several isolated hot djsstdvwjo snapshots), then propagates rapidly in the azimuthal directithr
and fourth snapshots), and finally inward in the radial directioriagt two snapshots). In the last snapshot the vigorous expansion of the detonated material is
apparent, which sends an inward-moving rarefaction wave that weakens the detonation front and finally quenches burning. The maximum veloncities show
each time are, from left to right and top to bottom: 6000, 5808, 6844, 7202, 10,096, and 10,986 Himesvalues of the maximum resolution at each snapshot
are 20, 18, 15, 12, 11, and 11 kngeg the electronic edition of the Journal for a color version of this figure.]

released pushes the accretion shock outward, it detaches fronelements (Fig. 3), while in the inner regions the burning proceeds
the core, and the detonated matter starts to expand with largeall the way up to®Ni (the central density at the moment of
velocities. The expansion weakens the detonation, and finallyformation of the detonation is $@ cm ). The simulation was
the burning quenches. As a result, the detonation burns all theended at elapsed time 5176 s after initial thermal runaway.
fuel except for a tiny region at the center. In the outer layers of How do the hydrodynamical simulations of the PRD model
the hydrostatic core, the density is low enough to allow incom- compare to observations of SNe la? A detailed comparison
plete burning and leave a composition rich in intermediate-masswith existing data is not currently possible, because multi-
dimensional spectral and photometric codes are not fully de-
veloped. However, in general terms, our results match quite

1 T T B . . . .
satisfactorily basic SN la observational constraints. The me-
i i chanical structure of the ejecta retains a high degree of spherical
symmetry and is chemically stratified, although there is some
0.8 - 4 small-scale mixing and clumping of chemical elements. The
final kinetic energy isl.05 x 10°* ergs, and the total amount
L _ of **Ni produced in the event is 0.7, in good agreement
o with what is demanded by observations of typical SNe la
£0.6 - - (Branch & Khokhlov 1995). There remains only 0.06, of
° unburned C, most of it moving at high velocities. This carbon,
& - . as well as the remaining unburned O (Table 1) would be hardly
%
€0.4- f
= TABLE 1
L 4 RESULTS OF THE 3D SIMULATION OF
THE PRD MODEL
0.2 - 7 Parameter Value
| | Ko 1.05x 10 ergs
M) ........ 0.06M,,
M(©) ........ 0.15M,,
0 ! M(Mg) ...... 0.05M,,
0 20 M(Si) ....... 0.28M.,
Velocity (1,000 km/s) M(®ENi) ...... 0.70M,
Yoo 04976 mol g*

Fic. 3.—Final distribution of the main chemical elements (after radioactive
decays) as a function of final velocity. 2Mean final electron mole number.
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detectable around the epoch of maximum light (Baron et al. a larger nuclear energy release during the deflagration phase,
2003). The total amount of C-O moving at low velocities is and thus a smaller fuel-rich hydrostatic core after initial pul-
0.01 Mg, which is within the limits derived by Kozma et al. sation and a looser structure at the moment of accretion shock
(2005) from late-time spectra. Intermediate-mass elementsformation, leading to lower values of the final kinetic energy
moving at velocities>8000 km s* are abundant at the pho- and **Ni mass. The initial number of sparks could also be
tospheric radius at maximum light, as required by observations.related to the rotation of the WD (Kuhlen et al. 2006), a lower
number being favored in slow rotators, suggesting an inter-
esting connection between the presupernova evolution of the
binary system and the explosion properties.

In the beginning, the motivation of our calculation was to ~ We have identified two possible observational tests of the PRD
reproduce a 3D analog of the pulsating delayed detonationparadigm, both of them related to the eventual failure to develop
(PDD) model introduced by Ivanova et al. (1974) and devel- a detonation (thus not giving a SN la-like phenomenon) if the
oped by Khokhlov (1991). In both the PDD and the PRD mass burned prior to pulsation lies in the rar@e29-0.35V .
models, there is an initial unsuccessful deflagration phase lead¥First, even in the absence of a detonation, the outershaE—
ing to a pulsation of the WD. However, in the PDD model the 0.28 M, (half of which **Ni) would have enough energy to
incinerated matter stays at the center, and there is neither comescape from the WD. Due to the low column density, the ra-
position inversion nor accretion shock. Thus, the mechanismdioactive photons emitted in the disintegratior*®fi and **Co
of formation of a detonation and the final result are quite dif- would not be efficiently thermalized to optical wavelengths. We
ferent in the two models. have estimated that during the first 30-40 days, the gamma-ray

The PRD paradigm is capable of producing a variety of out- spectrum would be similar to the one predicted for sub-Chan-
comes, which could account for a part of the observed diversity drasekhar models (Milne et al. 2004), but af&0 days, when
of SNe la. This variety derives from differences in the mass of the ejected matter becomes optically thin, the continuum and
the hydrostatic core at the moment of formation of the accretion 511 keV lines would turn much fainter, due to the smaller mass
shock, and is allowed by the general validity of the mechanism of **Ni synthesized. Second, the small amount of mass ejected
of initiating the detonation. We have performed a preliminary would not be enough to destroy the binary system. The stellar
exploration of the sensitivity of the explosion properties to the remnant left by the failed supernova would be characterized for
mass of the hydrostatic core by means of one-dimensional hy-some time by a high luminosity in the UV, an exotic surface
drodynamic calculations (E. Bravo & D. G&aebenz 2006, in  chemical composition (rich in C, O, Fe, and Ni), an eccentric
preparation). For reasonable choices of the core mass, the finabrbit, and a mass1.10-1.15V,. The detection of such objects
kinetic energies range from72 x 10°* up t21x 10% ergs, andthe measurement of their properties might provide important
and the*Ni mass ranges from 0.35 to 0.88,. This range would information about the final fate of WDs experiencing ignition in
translate to differences of up to 1 mag, in fairly agreement with a few bubbles.
the observational range of absolute magnitudewofal SNe la
(from My = —18.62 for SN 1983G toM; = —19.69 for SN
1997bp). This work has been supported by DURSI of the Generalitat

The origin of the variation of core masses could be due to de Catalunya and Spanish DGICYT grants AYA2000-1785,
a randomness of the number of sparks igniting initially at the AYA2001-2360, and AYA2002-04094. In loving memory of
center of accreting WDs. A large number of sparks would imply Maria del Llano and L. Alexandra.

3. DISCUSSION
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