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— Abstract. In the framework of the Chandrasekhar-mass deflagratiorehfod Type la supernovae (SNe la), a persisting free
parameter is the initial morphology of the flame front, whisHinked to the ignition process in the progenitor white dwa
— Previous analytical models indicate that the thermal rayais driven by temperature perturbations (“bubbles”) teatelop
> in the white dwarf’s convective core. In order to probe thaditions at ignition (diameters, temperatures and evahaiy
timescales), we have performed hydrodynamical 2D simanatof buoyant bubbles in white dwarf interiors. Our ressittsw
o
that fragmentation occurring during the bubble rifieets the outcome of the bubble evolution. Possible imptinatfor the
o
ignition process of SNe la are discussed.
™M
CF\II Key words. Supernovae: general — Hydrodynamics — Methods: numerid#hite dwarfs
LO
~ 1. Introduction a free parameter, though constrained by some analytical
< works [Garcia-Senz & Woosley 1995; Woosley etlal. 2004;

O Advances in computer simulations of type la SUPEMOVEE: hsch & Woosley 2004; Sedf2.2). Consequently most sim-

1
(SN Ia) have led to a rough consensus over the nature, pliion schemes are tested againdtedent sets of initial

btsri‘:lse explosions, even if several issues remain Controg(.,o shapes, allowing a comparison of the results for vari-

SNe Ia_ are believed to be the qutcome of thermon&as setups (Reinecke el lal. 2002b; Répke & Hillebrandti2005
clear explosions of carbon-oxygen white dwarfs (CO WDRL cia-Seny & Bravh 50b5: Livne ef Al 2005)

= = in binary systems. Among possible explosion scenarios (see
.~ Hillebrandt & Niemeye:t 2000 for a review of them) the sin-
>< gle degenerate scenario fares best in explaining the odxder

= homogeneity of SNe la_(Leibund@ut 2000). In this model a C.I’999 20024 Gamezo el L 2D03). Afeient ignition condi-

©
WD approaches the Chandrasekhar mass by mass tranSfe“ﬁf'r?is provided by a number of spherical flame kernels placed

a non-degenerate companion and is disrupted by a thermo |
clear explosion. in the innermost part of the WD and detached from the center.

: . Early works in 2DI(Niemeyer et kl. 1996; Reinecke et al. 1999)

In this paper we wish to study the processes that lea * : . .
o . o Implemented only a few blobs per quadrant, while newer sim-
to the ignition of SNe la. The mechanism that ignites the .. - - - y
. : : ulations (Reinecke et &l. 2002b; Travaglio etlal. 2004) heve
thermonuclear flame in the WD core is the link between the ¥ : e )
: . her spatial resolution and allow the implementation of enor
late stages of the progenitor evolution and the development .
2 . . eeds. Nevertheless, the maximum number of blobs that con-

of the initial flame morphology. From a practical point o

. . ) o L e stitute the initial flame is still constrained by resoluti@ather
view, it provides the initial conditions for the explosioims than phvsics. This situation mav be cured by the use of co-
ulations. A large set of dlierent initial conditions has been physIcs. Y y

tested in the literature of SN la simulations, with residisging expanding computa‘uonall gr!d; (Rapke 2005)'.A hybr!d ap-
from mildly energetic [(Reinecke etldl. 2002b; Gamezo ket ﬁroach between centrally |g_n|ted flame and m_uItl-spot seena
p 3 ; iS presented by Ropke & Hillebrandt (2005) in a full-star 3D

2003; [ Travaglio et all_2004; _Ropke & Hillebrahdt 2D05) tQ. .
' 4 Simulation.

failed explosions|(Calder etlal. 2004) in pure deflagration e , L .
The influence of dferent initial conditions on the outcome

plosion models. The initial flame setup in multi-dimensiona X ) :
simulations of SN la explosions is considered basicaIRI the explosion has been discussed in several papers. There

IS general agreement that an initially larger number of blob
Send offprint requests to: L. lapichino produces more vigorous explosions because the initial flame

Among the possible initial conditions the most intuitive
ne, also for its use in 1D simulations, is the centrally ig-
ited flame (e.d. Niemever & Hillebramndt 1995; Reinecke &t al
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surface is relatively larger and can provide more flame accel mechanism described for examplelby Clayton (1983) and
eration. Also the comparison offtiérent initial conditions in Winget et al. ((2004). As a result of accretion, the density
Ropke & Hillebrandt [(2005) shows that the hybrid “foamy” increases abovex210° g cnt3, the thermal photons do not
initialization provides more seeds for the developmentnef i  have enough energy for plasmon excitation and the neutrino
stabilities and gives a larger total energy and productibn o production in the WD core is strongly suppressed.
6Ni with respect to the model ignited at the center. In the . _
same work, the comparison with the failed explosion found by [N the evolutionary plane of central density and tempeeatur
Calder et al.|(2004) is addressed. Their simulation staots f (oc; Te) (cf.Yoon & Langel 2_003), the locus where the energy
a single spherical flame seed, displaced slightiycenter. release due to carbon burning is equal to the energy loss by
Since the features of SN la explosions depend on the nutﬁ@_utrlno emission is traditionally referred to as the “tgm
ber of igniting points in the WD core, an interesting quen;tid'ne’j- Actuallyllt marks the start of .the last phase of the-pro
pertains to an estimate of this number. In the papers citedeab9€nitor evolution. In order to get rid of the energy output of
the study of this problem was conducted by means @ pos- the ca.rb0|_1 burmpg, the WD develops a convective core whose
teriori evaluation of the explosion features as a function of tfg¥olution is crucial for the knowledge of the ignition prope
initial conditions, without exploring the physics of thenition ties. The_durat|0n of th_e convective phase is of the ordefdf 1
process itself (with the exception bf Woosley etlal. 2004). ¥éars (Hillebrandt & Niemeyer 2000: Yoon & Langer 2003).
successful ignition theory has to provide a physical basithie When the core temperature reachesbx 10° K, the con- _
choice of favored initial conditions in SNe la explosion reted  VECtive zone encompasses most of the WD mass. Convection
In this paper, a new approach to the ignition problem fnters a reactive regimz (Woosley etlal. 11004_), in which the
based on 2D simulations performed with the FLASH codg®nVective turnover timescale and the nuclear timesgalee-
(Eryxell et al[2000). We will use an indirect approach: taa-f fined as the_ time _requwed to_3|gn|f|cantly _reduce the carbon
tures of the ignition process will be explored by studyingte abundance in an |solgted region of the flg|d, are comparable.
perature perturbations in the WD core (“bubbles”) that a s ALT = 10° K the critical temperature. (Timmes & Woosley
posed to trigger the ignition (cf. SeEEP.2). Using the hesof 1992) for carbon bu_rmng is _reached, i.e. the temperatusrevh
the bubble simulations, we are able to obtain importantsclul'€ €nergy generation rate is equal to the heat conductien ra
about the ignition physics. This point defines the start of the SN la explosion, the igniti
The paper is structured as follows: in S&¢t. 2 the basic igefdhe thermonuclear runaway. -
of the physics of ignition are introduced. Sectldn 3 dessib . Beypnq_the description of th's sequence of events, a con-
the setup of the simulations. Sectldn 4 focuses on the bapbfiStent ignition model of SNe la is required to answer more de
presenting the relevant physics and the issues relateé 20h tailed questions. _In particular, the_ initial Iocgnon andnpho!-_
simulations. Some important parameters for the bubbleuevoP9Y Of the flame in the WD, the time evolution of the ignition
tion are highlighted and their role is explored in SEt. 5. jprocess and the thermodynamic state of the WD core prior to

Sect[6 we use the results of the simulations in order to Stur(waway_ nged tolbe explored. One pos_S|bIe approgch_tp study
the multi-dimensional features of reactive convection i-a

possible implications for the ignition of SNe la. Our conclu ) : i ) A )

sions are summarized in Segt. 7. rect num(_encal s_|mu_la_t|on of this p_hgse. A 2D simulation-per
formed with an implicit code and limited to the last few hours
before the runaway was performediby Hoflich & Stein (2002).

2. The ignition process of SNe la According to the results of this work, the ignition occursred

center of the WD and is triggered by compressional heating

in the convective flow. These conclusions were challenged by

According to stellar evolution models, CO WDs are the en¥Voosley et al.|(2004) who claim that the central ignition was

points of the evolution of main sequence stars in the maggeraither an artifact caused by the forced symmetry of the 2B sim

M ~ 3—9Mg, (Umeda et 4 1999). The energetics in the wp*dlation, or caused by inglicient resolution.

interior during the accretion phase is determined by thevol

ing processes: 2.2. Temperature fluctuations in the WD core

2.1. Final stage of the progenitor evolution

— Compressional heating caused by accretion, describedTfie idea that the SN la explosion is ignited by floating bubble
detail e.g. by Iber (1982). has been proposed firstby Garcia-Senz & Woosley (1995). The

— Nuclear burning: Compression and heating trigger hjermation of these temperature fluctuations in the WD's con-
drostatic carbon burning in the WD core. According tyective core is connected to the turbulent behavior of the WD
Nomoto (1982) the burning starts in the pycnonuc'eﬂpid and can be explained in terms of Velocity fluctuations.
regime and turns to the thermonuclear regime Tor> Munsch & Woosley(2004) show that, when a fluid element,
5% 107 K. during the convective motion, approaches the energy genera

— Neutrino emission: The energy loss by neutrino emissionifg core of the WB with a velocity smaller than the average
important at densities below abou210° g cnt3 (Arnett  convective velocity, it stays there for a slightly longené than
1971;Nomoto et all_19384; Woosley & Weavier 1986). Int Considering the high sensitivity of the C-burning rate anpera-
these conditions, the dominant contribution to neutringre, it may be proved (Woosley eilal. 2D04) that one half efthergy
losses comes from the production of plasmon neutrinosisgroduced in a small (estimated mass @f10Mg, corresponding to
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average and becomes hotter (and less dense) than the slsrroun ! O[T
ing material. Therefore, the bubble is subject to buoyamzi/ a
rises from the center of the WD. 7.6%108
The rising bubbles play a key role in the ignition because
they are regarded as the “seeds” for the subsequent flame prop %[ )
agation. The initial flame in the progenitor is determined by
motion of the bubbles inside the convective core. The stddy o
the bubble features is an important part of investigatirggh
nition process. 6x10° ]
Garcia-Senz & WoosleY (1995) have developed an analytic
model for the buoyant evolution of burning bubbles. Theyehav
performed a parameter study in which they investigate tthe bu 7.2x108
ble motion as a function of the initial bubble position, the d 4x109 |- .
ameter, and the initial temperature excess. The conclusion
that the bubbles reach the runaway temperature when they are
at a central distance in the range 20250 km, moving with a
speed of about 100 knTs 2x109)
The topic has been revisited by Woaosley etlal. (2004). On
the topic of ignition they conclude that it is initiated bytiles
at a central distance of up to about 15@00 km, when the
central WD temperature is abou77 7.9 x 10° K. Moreover, Y owdhonlludhonnndblunnllnsllbnndh i
they claim that a multi-point ignition is possible. This uéis O T BB g A0 3ar
from the fact that the e-folding timescale for the number of
bubbles is comparable with the time for the expansion in the
SN la explosion to shutfbthe ignition ¢~ 0.1 s). Fig. 1. Temperature plot, that shows a part of the initial setup
Finally, the ignition has been addressed in a more genexala bubble simulation. The temperature is coded in grajesca
heuristic model of turbulent convection by Wunsch & Wodslew Kelvin. The grid is superimposed on the plot; each square i
(2004). Two convective flow patterns are considered, a@efined as a “block” of the AMR structure and containg 8
isotropic turbulent flow and a dipolar jet flow. As far as theomputational cells. The plot refers to a calculation with a
central WD temperature is concerned, the conclusions for tiitial bubble temperature of 7x 108 K, bubble diameter 1 km
SN ignition are similar to previous work. On the location o&nd initial distance from the center 100 km.
the hottest points in the WD the authors consider the compe-
tition between_nup!ear he_atlng and adiabatic cooling atd esolescription will refer to this case (for ftierent bubble diame-
mate that the ignition points should be concentrated at tab?éjrs one iust has to scale the lenaths accordingl
100 km from the WD center. For an isotropic flow it means It 1eng ording y)-
The size of the computational domain isx30 km. The

that the ignition points should occur irshell of 100 km of di- T T A

ameter while for a dipole flow these points would be clustergé'bp.le 1S |n|t|.al|zed asa tem_perature perturbation in ures

rather along the flow axes. equnlbrlum with the surrpundlng maFter. The va]ues of thert

modynamical variables in the domain are obtained from a one-

dimensional WD model provided by S. Woosley, with mass

Mwp ~ 1.38Mg, radiusRwp ~ 1600 km,T, = 7 x 1® K,

pe = 2.55x 10° g cnT 2. The extent of the convective zone in

The 2D simulations which we will present here have been prige model is about 1000 km.

duced using FLASH (version 2.3), a parallel adaptive-mesh Since the computational domain encloses a relatively small

hydro code |(Fryxell et al. 2000). The FLASH code has be@art of the WD, a reasonable approach is to neglectftieetsof

used, among other topics, for the study of SN la explosiofgrvature and to map the data from the WD model in a plane-

(Calder et all_2004; Plewa etlal. 2004) and, in fiedent con- parallel approximation. The values of physical quantitieshe

text, also in the study of the morphology of rising bubblegomputational grid at coordinageare taken from the quantities

(Robinson et al. 2004; Briiggen etlal. 2005a,b) in coolingdlo in the WD model at the radiu®-y, +y, whereRis the param-

in galaxy clusters. eter which expresses the initial distance of the bubble fittan
Figure[l shows the computational domain at the beginni¥§P center andj, = 2.5 km is they coordinate of the bubble

of a 2D bubble simulation. As explained below, the comput&enter in the computational domain. Before initializatitime

tional domain encloses only a small part of the WD. In thidréssure and density data are slightly modified to ensutte/the

domain the bubble is set at rest. Since most of the calcuiatiéirostatic equilibrium, as described by Zingale etial. (9002

are performed with bubbles of 1 km in diameter, the followingPatially constant gravitational force, computed from B
model, is applied to the computational domain. This assump-

about 130 km for the WD model examined by those authors) aentfion is not strictly valid because the variation of the gtavi
part of the convective core. tional acceleration along the whole computational dom2h (

7.4x108

y (em)

7.0x108

3. Numerical tools
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km) is relevant. However, we do not expect this fieat our Table 1.Scheme of the simulations which have been performed
results since the extent of the bubble motion is always &mnalfor the parameter study.
than the computational domain, namely of the order of a few
kilometers (Fig[R), comparable with the bubble diametbe T
boundary conditions are set to be reflecting in the upper and : .
lower boﬁndaries and periodic in tb(eboundagries. PP WD center and of the simulations
. oo . ) background temperature
The simulations are performed in 2D Cartesian geometry-

Distance from the Parameters

In principle, this is not the most natural choice of geometry R = 50 km 73 75 76

since a bubble is a spherical object and it would be better rep  Background = 6.96

resented in 2D in cylindrical coordinates, exploiting the a 7.7.D=5km

ial symmetry. Nevertheless, some tests have been performed R=100km 73 75 7.7 7.9
both, in 2D Cartesian and cylindrical geometry. Simulagion Background = 6.83 7.7D=0.2 km
cylindrical geometry present speciafittiulties, with respect to

the Cartesian geometry, because of larger numerical disper R =100 km 73 75 7.7 7.9

(cf. Sect[ZB) and the appearance of “axis jets” which disto___Background = 6.63

the bubble morphology. The tests show that the choice of the

Cartesian geometry is acceptable for following the the ewat

lution of bubbles. bubble diameteD is fixed at 1 km unless explicitly specified.
The adaptive mesh refinement implemented in FLASH §mulations that reach the thermal runaway are in boldfaze.

apparent in Fig[J1. Resolution tests have shown that a gd@tm up, the initial parameters have been varied in the fatigw

compromise between computational cost and adequate res¥ay-

tion is to use five levels of refinement yielding afieetive grid ) )

size of [256x 1024] zones (cf. Sedf2.3). This corresponds t- D (bubble diameter): for the case with = 7.7 x 10° K,

a spatial resolution of 2 10° cm at the most resolved level. R =100 km, the three values 0.2, 1, 5 km have been tested.
Among the diferent equations of state implemented in The lower I.|m|t is c_onstralned by gompultatlonal fea5|b|I.-

FLASH, the Helmholtz EOS described by Timmes & Swlesty 1%: decrgasmg the_tlmestep of the simulations tqgethﬂT wi

(2000) was chosen for our setup. In order to follow the hy- the spatial resolution because of the CFL condition for the

drostatic carbon burning the small reaction netwibsk7 was equations of hydrodynamics.
used. Thisz-network is adequate for the physical problem un2- T (bubble temperature).3 - 7.9 x 1_08 K. The upper end
der examination, as confirmed by Timmes étlal. (2000). of this range is set in order to avoid too extreme tempera-

To date, in the latest publicly available version of FLASH ture contrasts with respect to the background. For bubble
(v. 2.5) there is no treatment of flame propagation. Theegfor t€mperatures smaller than the lower end of the range, the
the simulations are followed unfil ~ 10° K. which is when nuclear timescale is longer than about 5 s. It seems unlikely
the flame is going to start, and are then stopped. Since thls wo  thata bubble can have such a long evolution, without being

is devoted to the study of the progenitor’s evoluthmfore the disrupted as described i’” Sdcil4.3.
runaway starts, this limitation does not concern us much. ~ 3- R(distance from the WD's center): the three values 50, 100,

150 km have been explored. Following Wunsch & Wodsley
(2004), we assume that the bubbles are produced in the en-
ergy generating core of the WD, which extends approxi-

4.1. List of the performed simulations mately over this range of central distances.

4. Two-dimensional simulations of rising bubbles

In order to cover the broad range of bubble parameters thatis ) o
likely to exist inside the WD, we present a study that expgoré-2- Diagnostic quantities

the dependence of the bubble evolution on the three main Pi¥st, we will define some quantities that are useful for the i
rameters: terpretation of our simulations.
— The initial bubble diametep). A first difficulty in defining these quantities is the lack of a
— The initial bubble temperaturd, good criterion about the bubble location in the computation
_ The initial distance of the bubble from the WD cenfer, domain. This s of course a typical problem, when dealingwit
an Eulerian system of coordinates. In principle, hot materi
The aim of the study is to understand under which (phyghe bubble is set to be rather hotter than the backgroundico
ically meaningful) conditions thermonuclear runaway @ssukeep track of the bubble evolution. Unfortunately, in SECH
and what the related timescales are. we show that numerical flusion hampers this approach and
The thirteen calculations performed for our parametene cannot make safe use of “bubble averaged quantities”.
study are listed in TablE 1. In the first column the central dislence, the description of the thermal evolution of the babbl
tances of the bubbles are given, together with the backgrowsill be done by studying the maximum temperature in the bub-
temperature of the WD at that distance from the center (itsunble.
of 10° K). In the other four columns, the simulations are iden- A useful quantity for the following analysis of the bubble is
tified by the initial temperature, again in units of®1R. The its area. As written above, it isfliicult to provide an unambigu-




L. lapichino et al.: The ignition of thermonuclear flames yp& la supernovae 5

ous definition of this variable. Test simulations have dsthbd

that a good criterion is given by the following expression: an [ i
Apubble = Z Azone (1) x10sh i sxios)
bubble

where the sum is calculated over the zones WHBkRe > % ...l 1B awl m -
Tinresholg@nd the threshold temperature is defined by B B
Tth o= 095 Tbubbleini for Tbubbleini > 75 X 1cﬁ K) (2) 2x105} . 1 2x103} 1 7.8x108

resho 0.96- Tohubbleini fOr Thubbleini < 7.5 x 108 K)
whereThubbieini is the initial bubble temperature. The quantity 2*3315;;305 KIEs ZX‘;O;;;‘WE raxice
Azone iS geometry dependent. In Cartesian geometry it can be ‘ ‘
simply identified with the zone ared,qne = dx - dy, wheredx B et R
anddy are the zone sizes in the two directions. Ay 2~ 7.4x108

It is also useful to introduce theffective gravitational | = 1 el (X
acceleration [(Garcia-Senz & Woosley 1995; Woosley et al. 9 2 )
2004). The acceleratiogs exerted by buoyancy on a rising - L _S; .
bubble is proportional to its density contrast: Eaa| ¢ - e ‘B

Ao GM(r) . AT

r) = rNn—=——=6p, — . 3 2x108- 4 2x105F 4 7.0x10
Ger(r) =90 " = =5 0 5 ®3)

In the previous equation, the density contrast between the T T —
bubble and the backgrourgh/p can be expressed in terms of  (em) (em) '

the temperature contrasST /T timessp, the logarithmic deriva-

tive of density with respect to temperature at constantores Fig. 2. Series of temperature plots, showing the evolution of a
bubble in a simulation with the initial parametéfs= 7.7 x

10° K, D = 1 km, R = 100 km. The temperature is coded in
gray-scale, in Kelvin.

There exists an extensive literature on the fluid mecharfics o
rising bubbles. Nonetheless, we are not aware of any wotk tha
addresses the peculiarities of the present setup (dede negit
ter, very small density contrasts and nuclear burning).

At first, our discussion will focus on the following “refer-
ence choice” of parameters: initial temperafiire 7.7x10° K,
initial diameterD = 1 km, initial central distanc® = 100 km

4.3. The physics of the bubble

The bubble motion is a special case of a system subject

to the Rayleigh-Taylor instability (in the following, RTI)n a

gravitational field with the vector of gravitational acasigon

g pointing downwards along thgaxis, the hotter and lighter

fluid accelerates upwards. The development of the RTI and the

(Fig. ). These values have been chosen to lie well insigaeatures of the motion in this situation have been addressed
e (m_several worksl(Davies & Taylor 1950; Taylor 1950; Layzer

the range of variation of the three parameters, discusse L= ‘ LI . : o
Sect[Z]] and also suggested by Woosleylet al. {2004), FérstE\L/vgs‘)’ Glimm & L111988; Lii1995). A crucial parameter in this

will describe the results for these reference parametdrdew problem is the Atwood numbeit,
in Sect[® we will explore the results of varying these parame  p, — p;
ters. At = 02+ p1
If we neglect adiabatic cooling (as motivated in SECH 6.1),
the evolution of the bubble depends only on the interplay beherep, andp, are the bubble and background densities, re-
tween nuclear burning and hydrodynamical instabilities. spectively. In our bubble problem, the density contrastis/v
Hydrostatic carbon burning sets the timescale for the butmall because of the degeneracy of the WD matter, Atrid
ble to reach the thermonuclear runaway. This nuclear timdescof the order of 10*. Theory predicts that the rise velocity of
7, (Woosley et al.l 2004) has been introduced in SECll 2the bubble tends to a valwg that is determined by the equilib-
Using the evolutionary timescales of the simulations teath rium between buoyancy and drag forces. An analytical model
a runaway (cf. Tablgl1l) and adding data from further tests daveloped for nonlinear, single-mode, classical RTI aitiaty
analytical fit tor,, has been found. The result is Atwood number by Goncharov (2002) provides the estimate

7\?2 (25\* At g
T~ 10— —1 s 4 - =" =
" (Ts) (pg) @ =T a ek (6)

whereTg = T/(10® K) andpg = p/(10° g cn3). This fit of wherek ~ 27/(D/2) is the wavenumber of a perturbation
T, IS in rough agreement with the derivationlby Woosley et adf size of order of the bubble radius/2, andC is a nu-
(2004) for the conditions of interest in the WD core. merical constant whose value is 3 in 2D and 1 in 3D. From

(5)
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Fig. 3. Evolution of the maximum bubble temperature in simu~ig. 4. Evolution of the normalized bubble area for the refer-
lations performed with the reference choice of parameteds ance choice of parameters, in a comparison among simuation
increasing resolution, indicated by thdfdrent levels of refine- with different resolution.

ment.

time = 0.760 s time = 0.800 s

5.0x10° \_/ 5.0x10% — "
Eqg. (@) one gets, for the reference choice of bubble parame- g E
ters,v, ~ 1.3 x 10° cm s. This is an appropriate order-of-  ....| Ap—_ ? ]

magnitude estimate for the bubble velocity in the simulaio . -
even if the morphology evolution of the bubble prevents agmor = >
quantitative analysis. ]
The vortical motions produced during the bubble rise cause @
its fragmentation as it is clear from Fil 2. In the nonlinear s« ‘ ‘ | sser : ‘
stage of the RTI a large variety of phenomena can account for oo s 200 OO siee L 20x108
the observed fragmentation, as described e.q. by Abarzii et
(2003) and reviewed by Nakai & Takakie (1996) in the frame- Gme = 0.820
work of inertial confinement fusion. We will not address a de- "
tailed study about the nature of these secondary insiabilit
The features of the fragmentation process and some related n = +sxio
merical issues are described below. ®
An approximate estimate for the timescale of the fragmen- ~
tation process can be given by defining a dispersion timescal

time = 0.880 s
5,0x10% [V T— T

-4 4.5x10%1 b
5

4.0x105 4 4.0x10%F

D 35x100F

. . . . .

Tdisp = Vi (7) 1.0x108 1.5><1<05 ) 2.0x10° 1.0x108 1.5x1?5 ) 2.0x108
b x (cm x (cm

q4  3.5x1051

which, with the reference values of the parameters and the ﬁg. 5. Series of temperature plots referring to the same simu-

qf eq“. (), gives atlmescgle of abouB@, asort of “bubt_)le life- lation as Fig[R, showing the evolution of a bubble detaile Th
time”, to be compared with the morphological behavior shown . ;
in Fig.[0 contours in the plots mark the bubble area, according to the

During the fragmentation, the typical length scale of th((jeGfInItlon of Eqll.

bubble fragments decreases in time. From a physical point of
view, one can expect that the dispersion goes on until the tyill reach 18 K and trigger the thermonuclear runaway), un-
ical length scale of a bubble part is comparable with the minil disruption causes their typical size to decreaség. Then
mum sizedmin, defined as the diameter of the bubble in whicthey begin to cool down. Thus, the trend of the maximum tem-
the heat generated by nuclear burning is balanced by hHéat diperature shown in Fil] 3 can be easily interpreted: the laubbl
sion. An evaluation of this quantity is performed, wittffdrent heated until either runaway occurs or the bubble is disdipte
derivations, by Woosley et lal. (2004) end Garcia-Senz &&8ra  One should note, however, that the length saalgfor dis-
(2005), and gives results in the range-1000 cm. persion driven by heat conduction is much smaller than the sp
For bubbles whose size is larger tham,, the nuclear heat- tial resolution of the simulations ( 10° cm). Anin is so smalll
ing is larger than the heat loss by conduction. In these lmsbbthat a direct simulation to that scale, even with AMR, is not
the temperature increases (in this phase, in principlg,¢ha feasible. What is actually observed in the bubble simutetis
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not a physical but aumerical dispersion. FigurEl5 is meantto  previously because this process can be followed in the sim-
clarify this important point. The plots are zoomed on a small ulations only until the typical length scale of the bubble
detail, a sort of “bridge” linking the top of the bubble with a  substructures are comparable to 2—3 times the spatial reso-
lower vortical structure. This detail becomes thinner awits lution.

width is approximately 2—3 times the spatial resolutionpibls

off unphysically. It is thus lost from the bubble area according The competition between nuclear heating and dispersion is
to the definition in Secf4 2. the key to understand the outcome of the bubble evolution and

The dependence of the bubble fragmentation process amsequently, also to the ignition process of SNe la. Rgughl
resolution is shown in Fidl 3. As expected, the numerical dispeaking, ifr, is smaller tharrgisy the burning prevails and the
persion depends on spatial resolution, and the temperaéurebubble reaches the thermonuclear runaway. Converselyzif
crease occurs earlier for the simulation with coarser lefel 7disp the bubble is disrupted and cools down. Analytical studies
refinement. The resolution which has been chosen for the pa-ignition that is driven by floating bubbles have not exgtbr
rameter study (five levels of refinement) guarantees howevethe bubble dispersion(Garcia-Senz & Woasley 1995; Weosle
follow reliably the fragmentation process, as shown in@ig.2001; Woosley et al. 2004; Wunsch & Woosley 2004).
Interestingly, the area evolution in the two most resohied s
ulations does not show any S|gn|f|cant dependence qf the bglb5 Background turbulence
ble area decrease on the level of refinement of the simulation
Probably, this happens because the hydrodynamical itistalih all our simulations the background state of the WD was as-
ties in the more resolved calculation produce structurasate sumed to be “quiet” and in hydrostatic equilibrium. However
globally more numerous, though smaller in size. the convective flow in the WD prior to runaway is turbulent,

As described above, electron conduction is an impawith an estimated Reynolds number about*i(@Voosley et all.
tant ingredient in the bubble physics, but can be negleci2d04). The integral length scalg at which the turbulent ki-
at the length scales which are explored in this study. It ietic energy is injected, is given by the pressure scalehheig
known from the theory of thermonuclear combustion (sedout 450 km for the WD model used here (Wodsley 2001).
e.g. LTimmes & Woosley 1992) that heat exchange can inhiBissuming Kolmogorov scaling for the typical velocity of the
the growth of instabilities which are smaller than a minimuronvective eddie of length scale the characteristic turbu-
length scalelcong. According td Timmes & Woosley (19092), lent velocity U at this length scale is expressed byl) ~

u(L)(/L)¥s,
M — AP Ap - 8 In our case| = 2 x 10° cm (spatial resolution of the sim-

cond = 47V-{9 P ®) ulation at the most resolved level) att(L) is in the range

50 — 100 km s, from estimates based on mixing length the-
whereg is the modulus of the gravitational acceleration angty. Therefore, the typical turbulent veloclti(l) is in the range
Ap/p is the density contrast of the bubble with respect th7 — 3.5 km s2, which is of the same order of magnitude as
the background. The flame velocity can be meaningfully the typical rise velocity of the bubble, according to Hg. (8)
replaced, in the case of volume burning, Byin/7n. In the test simulation, performed by imposing a random velocitylfie
case under examinatiod = 7, pg = 2.5) the typical val- with an amplitude of the order dfi(l), shows that this stir-
ues of the quantities in Ec[1(8) are (cfr. S&CTl 43)= 10 s, ring afects the bubble evolution only marginally, contributing
Amin = 100 cm,Ap/p ~ 107* andg ~ 10'° cm s2. This esti- to a moderately enhanced bubble disruption. We conclude tha
mate shows thatcong is of the order of 10° cm. It is smaller this turbulence-induced bubble disruption can be coneitiar
thandmin, therefore the described bubble physics is ifi#aded second-order féect in the description of the relevant bubble
by the stabilization. physics discussed in SeCiK.3.

Our simulations areftected by numerical dispersion and
hence overestimate the bubble disruption and the subsequen
bubble cooling. From a physical point of view one expects tha
The following overview sums up the main features of the buthe bubble temperature would increase for a longer time than
ble evolution: is shown, for example, in Fifll 3. However, the numerical dis-

persion may not be too unphysical because it may mimic the
— The initial bubble temperature determines the nuclegffect of the turbulent-induced bubble disruption. A quailieat
timescaler, (Eq.[2). This is the upper limit for the dura-comparison of these twdfects cannot be performed with our
tion of the bubble evolution. computational tools.
— The bubble is fragmented during its motion on a timescale

approximately given byuisp (Eq.[0). Physically, the disper-

sion proceeds down to length scales where heat conducten Ne parameter study

Eu?{:ﬁ]cgive in dissipating the energy generated by nucleglrl The effect of the bubble diameter D

— The previous argument is made more complicated by ndis outlined in Tabld1L, the role of fierent bubble diameters
merical difusion. It is not possible to quantify exactly thewvas studied on the basis of three calculations, with infi
whole duration of the physical dispersion phase describeimeters = 7.7 x 10° K andR = 100 km. The initial diameter

4.4. Outcome of the bubble evolution
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Fig. 7. Same as Fidll6, but the evolution of the normalized bubig. 9. Comparison of the normalized bubble area in the param-
ble area is shown. eter study on temperature. The initial bubble temperatares
indicated in the legend, in units of 4 6.

D was varied by a factor of five above and below the reference

value,i.eD = 0.2, 1 and 5 km. The extent of the computational

domain and the spatial resolution were scaled accordimgly i From this study, one can conclude that the larger bub-
order to resolve the initial bubble by an identical number &es are more likely to go to runaway. However, Woosley =t al.
zones. FigureBl6 afd 7 present a comparison of the maxim@@04) find that turbulent dispersion limits the bubble size
temperature and the normalized bubble area, respectively. the WD toD ~ 1 km.

As expected, the bubble diameteffexts the dispersion
timesc_ales. Indeed, the dispersion timescale [;Eq. 7)_$@1e 5.2. The effect of the bubble temperature T
D /2 since, from Eq.[6)w, « D2 as well. This scaling is
nicely confirmed by the comparison of the area evolution iFhe initial temperatur@ is the most interesting parameter be-
Fig.[d. While in the simulation witlD = 1 km the area starts cause its role in the bubble physics is manifold. As shown in
to decrease at approximately~ 0.8 s, one can see that fortable[1, several values have been tested. For sake of simplic
the bubble withD = 0.2 km the analogous decrease starts ay, a discussion will only be presented for the simulatiwsiih
t~0.8-(0.2/1)Y2~0.35s. R =100 km,D = 1 km andT ranging from 73to 7.9x 10® K,

For the same reason, the bubble witk= 5 km has a larger keeping in mind that the inferred trends are valid also fér ca
Taisp- Since the nuclear timescale does not depend on the bablations with other central distances. Figuiies 8[dnd ites
ble diameter, this leads taysp > ™, and the bubbles goes tocomparative analysis of the evolution of maximum tempeegatu
runaway. and area.
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5.3. The effect of the central distance R

9.0

While the parametef was shown to be the most interesting
one for the bubble physics, the central distaRds probably
the most relevant one for the ignition scenario of SNe la. The
analysis was performed by comparing three simulations with
the initial parameter = 7.5x 10 K, D = 1 km andR equal
to 50, 100 and 150 km.

The increase oR in the calculations féects the &ective
gravitational acceleration for two reasons. First, the ulaslof
the acceleratiog(R) increases witlR in the considered range
of distances. Second, the temperature profile of the WD is de-
creasing (the background temperatures at varivase given
dedl in Table[l). So at equal bubble temperature, the temperature
" 00 05 10 15 20 25 (and density) contrast is increasing wig This implies that

time fs] the dfective gravitational acceleration increases outwaras, to

This dfect is evident in the comparison between the
'fimescales of the two extreme casBs; 50 and 150 km, from
the analysis of Figg10 afdl11. The simulation viRte 50 km
goes to thermonuclear runaway. Its area evolution shows-an e
pansion (partly due to a problem of the definition of “bubble
area” when the temperature contrast between the bubble and
the background is relatively small). On the other hand, as pr
dicted the dispersion timescales of the other simulatiors a
noticeably shorter aR increases.

The role of an increasinge is also relevant for the value
of the threshold temperature at which the bubbles @erdint
initial distances from the center go into runaway. As shown i
table[1, the bubble af = 7.5 x 1% K reaches the ignition
temperature during the simulation wikh= 50 km, but with
R = 150 km even the bubble dt = 7.9 x 1¢® K is dispersed
before reaching the runaway.

—. 8510

8.0:1¢

maximum temperature [K

7.5416

T __ R=150km

Fig. 10.Comparison of the evolution of maximum temperatu
in simulations withT = 7.5x 10° K, D = 1 km andRindicated
in the legends.

normalized bubble area

H . R =50 km
0.5~ | . R=100km
[ N ___ R=150km

H 6. Discussion
oo . . 0

o0 e Y0 e Is] re 20 6.1. Further remarks on the physics of rising burning

bubbles

N
3

Fig. 11. Same as Fid10, but the evolution of the normalized o ) )
bubble area is shown. One of the most striking flierences between the simulations

presented here and the first analytic study on bubble ewoluti
by IGarcia-Senz & Woosley (1995) is that the latter does not
take into account the dispersion of the bubbles. Conselyyent
in their work the bubble velocity and the path covered during
The nuclear timescale depends on the bubble temperatify@ rise are much larger than in the present study. Moreover,
in a rather steep way (Efl 4). Also the dispersion timescauthout dispersion the rise times are rather long, up to a6u
disp depends implicitly onT, approximately via the squareseconds.
root of the Atwood numbeAt (cf. Eq.[6).At varies in the ex- The rise velocity of the bubbles in the simulations is of the
plored temperature range fron2x 104 (T = 7.3x 10®K) to  order of 1 km s? (cf. Eq.[B). Because the timescale until the
5.3x10* (T = 7.9x 18 K). In simpler terms, the temperaturebubbles either go into runaway or are disrupted (1-2 s) is so
contrast between the bubble and the surrounding materiabi®rt, the bubble evolution occurs mostly near their point o
linked to the density contrast and hence to thieative gravita- origin (Fig.[2). However, the previous argument negleces th
tional acceleration (E@] 3). With equal background temijpeea convective motions in the WD core.
(i.e. equal central distand®) hotter bubbles experience larger Placing a bubble at some distarRdrom the WD’s cen-
accelerations and thus faster dispersion. On the other, tlzd ter and letting it rise is a gross simplification because the
nuclear timescale decreases even faster with temperatise. convective velocity is always much larger (in the range-50
indicates the existence of a threshold temperature aboigwhl 00 km s, from estimates based on the mixing length the-
a bubble goes into runaway. & = 100 km the threshold is ory) than the simulated buoyant velocity. So it is the convec
found to be approximately = 7.9 x 10° K. tion which determines the motion of the bubbles, rather than
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the rise velocity. Clearly, the convective flow pattern ¢allg a relatively large temperature contrast with respect tdotk-
affects the spatial distribution of bubbles at runaway. ground are less likely to be generated.

As the bubble is advected by the convection, it may Here athought experiment of twofférent ignition scenar-
travel over a distance that is long compared to the ed@s is useful. In the first case, let a hot bubblex 7.5x 10° K)
mated central distance at ignition, undergoing some cgoliRe in the core of a WD with central temperatdre ~ 7.0 x
(Wunsch & Woosléy 2004). The bubble simulations cannot di0® K. The estimated nuclear timescale is about 2 s. If this
rectly address this physical process. In our setup, thelbubBubble is on the “hot tail” of the temperature PDF, one can as-
is initially at rest and no convective velocities are impbea Sume that the probability of generating other bubbles Wit t
the background. As a result the bubble travels only a distank (0r hotter) withinz, is not large, while colder bubbles would
that is small compared to its diameter. One can prove that a@pt have time to reach the runaway temperature. In this sce-
abatic cooling is negligible in this case, as confirmed by tedario, the ignition would occur in one (or a few) igniting pts.

simulations in which the nuclear burning was switché@d o~ However, considering that the dispersion in moffeeive for
bubbles of a large temperature contrast with the background
o o such kind of ignition scenario is likely to fail. If the exdimn
6.2. Implications for the theory of ignition of SNe la is not initiated, the WD goes on increasing its central terape
ture.
The other scenario is directly connected with the previous
SNe la. . . . .
. . _ .idea. In this second idealized setup, let the WD have a larger
First, a rough estimate of the extent of the size of the idsntral temperaturd; > 7.5 x 1% K, and the temperature
" . . . hC R . ’
nition Zone can be made.on the basis of bubble lifetimes [Uctuations be relatively mild with respect to the backgrdu
convect.lve veIocme;. Taking the values of 1 s and .70 ki s Under these assumptions, the estimatgaf the bubbles is
respectively, one f'F‘dS that the e’@e“t of the motion of tr:‘fbout 1 s, a value compatible with multi-spot ignition, ginc
bubbl_es _advected n t_he convective flow is apout 70 _kthe e-folding time of the number of bubbles in the WD core
Considering that the size of t.he energy-prod.ucmg COre 1S 1@l ahout 0.1 < (Woosley etlal. 20004). Moreover, these peaturb
the ordgr of 100 km, an e.St'mate for thg d|_s_tanc_e coverﬁﬁs are not supposed to be very hot compared to the back-
by a rising bubble before it triggers the ignition is of th round. The probability for such bubbles to be generated, ac
order of 150 km. The uncertainties in the convective velo ording to whatever PDF, should be large, allowing the p’res-
ence of very many of them in the WD core.

ity (in the range 50- 100 kms?) and in the initial bub-
ble location inside the WD core lead to some dispersion g, yhege arguments the multi-point scenario emerges as
4 good candidate for an ignition model of SNe la.

around this value, which is of the order of 100 km (a fra
tion of the pressure scale height). We note that this estinsat
consistent with Garcia-Senz & Woosleéy (1095), Woosleyet a

(2004) and Wunsch & Woosley (2004). 7. Conclusions

_Itis clear that our approach for the study of ignition conge have studied the ignition process in SNe la by simulating
ditions does not allow any conclusions about the departufg evolution of buoyant bubbles in the WD core. After dis-
from central symmetry. This issue has to be studied withrothg,ssing the bubble physics, the role of the relevant paesiet
numerical tools. A promising way seems to be the use of 3fhs studied by means of a grid of thirteen simulations. This
anelastic simulations, adopted by Kuhlen ét@al. (2003) & tharameter study shows that floating bubbles may eithereignit
study of conyecnve floyvs in massive stars: Interesting t®SUs most in place or be dispersed by fragmentation. The previ-
of this technique, applied to SN la progenitors, are pr&sen,s results found an application in the study of ignitiongess
by Kuhlen et al. (2005). In any case, the present work higli sNe a. The discussion in SeEE36.2 provides some clue that
lights the importance of the progenitor evolution for thitiah  the multi-spot ignition model is the favored one. This bbbl
conditions of the SN la explosion. The convective patteayl gistribution is consistent with the initial conditions asged in
a crucial role in the ignition process. The initial flame lbca many recent 3D simulations of SNe la explosions.
depends mostly on the posit.ion of t_he bl_Jbl:?Ies, which, in,turn - Ag pointed out e.g. bl Hillebrandt & Nieme}ér (2000), a
are advected by the convective motions inside the WD. successful model for SNe la should explain, both, the homo-

Another interesting issue is the initial number of ignitin@eneity of the class and, hopefully as a function of one or few
points. Though our approach for the study of the ignition-prgarameters, the diversity of observational features. Tasent
cess is indirect, some useful hints can be obtained. study indicates that the ignition process contributes ¢ohtb-

In the present parameter study, several values of the imegeneity of SNe la. The explanation comes from examining
tial temperature have been tested without making assunmptithe second scenario described in SECE 6.2. According to the
concerning the probability distribution function (PDF) thie PDFs (no matter which one), there is some probability for the
temperature fluctuations. Woosley et al. (Z004) investitfsis occurrence of one (or a few) relatively hot bubble among the
problem and indicate two possible PDFs, depending on dke mild temperature fluctuations. In principle, a very habb
tails on the convective mixing in the WD core. In their worlble could lead to a runaway before the colder ones, resulting
the PDF is either exponential or Gaussian. Without makingrapremature ignition in one or very few points. The physits o
choice among these two models, from the generation proc#ss bubbles leads to a sort of self-regulation becausefthe e
of the temperature perturbations it is intuitive that beshkith  ciency of the disruption increases with the bubble tempeeat

In this section, our results are applied to the ignition pssin
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(Sect[5R) and the hottest bubbles are disrupted midee-e Arnett, W. D. 1971, ApJ, 169, 113

tively. Therefore, one can conclude that a large range of p&iiggen, M., Hoeft, M., & Ruszkowski, M. 2005a, ApJ, 628,

sible ignition conditions is unlikely. The singly-igniteditial 153

model proposed by Calder et al. (2004) and further analyzBdiggen, M., Ruszkowski, M., & Hallman, E. 2005b, ApJ, 630,

bylPlewa et &l.1(2004) could be interpreted as an ignitionehod 740

coming from a single-bubble runaway. This kind of ignitien iCalder, A. C., Plewa, T., Vladimirova, N., Lamb, D. Q., &

not favored by the previous probability arguments. Truran, J. W. 2004, astro-fi¥05162, submitted to the ApJ
Of course, this homogeneity will only apply if the under- Lett.

lying convective patterns in the WDs are homogeneous. T@&yton, D. D. 1983, Principles of stellar evolution and ledc

diversities in the convective flow_(Wunsch & Woosley 2004) osynthesis (Chicago: University of Chicago Press, 1983)

are potentially able tofect noticeably the ignition conditions.Davies, R. M. & Taylor, G. I. 1950, Proc. R. Soc. London A,

Their role in producing the observed range of diversity ireSN 200, 375

la has not yet been explored. Fryxell, B., Olson, K., Ricker, P., et al. 2000, ApJS, 131327
As far as WD central temperature, bubble temperatu@amezo, V. N., Khokhlov, A. M., Oran, E. S., Chtchelkanova,

and radius of the ignition zone are concerned, the resultsA. Y., & Rosenberg, R. O. 2003, Science, 299, 77

for the ignition are essentially in agreement with the findsarcia-Senz, D. & Bravo, E. 2005, A&A, 430, 585

ings oflWoosley et all (2004) and Wunsch & Woosley (2004§:arcia-Senz, D. & Woosley, S. E. 1995, ApJ, 454, 895

While our study and the work by Woosley ef &l. (2004) an@limm, J. & Li, X. L. 1988, Physics of Fluids, 31, 2077

Wunsch & Woosley |(2004) have the same theoretical badkoncharov, V. N. 2002, Physical Review Letters, 88, 134502

ground, our approach and methods are wideffedent. Hillebrandt, W. & Niemeyer, J. C. 2000, ARA&A, 38, 191
We discussed the simplified assumptions that this workh#flich, P. & Stein, J. 2002, ApJ, 568, 779

based on, and their role in the analysis of the results. Itiggar Iben, . 1982, ApJ, 259, 244

ular, possible limitations are introduced by the uniforncksa Kuhlen, M., Woosley, S. E., & Glatzmaier, G. A. 2003, in ASP

ground hypothesis (SeEf#.5) and by neglecting adiabatit ¢~ Conf. Ser. 293: 3D Stellar Evolution, 147

ing (Sect[&1). Kuhlen, M., Woosley, S. E., & Glatzmaier, G. A. 2005, astro-
In SNe la simulations that implement multi-point igni- ph0509367, submitted to ApJ

tion, the diameter of the flame seeds (and consequently tHeiyzer, D. 1955, ApJ, 122, 1

number) is set by the spatial resolution of the simulation. Leibundgut, B. 2000, A&AR, 10, 179

Ropke & Hillebrandti(2005) this diameter ig9&m, and future Li, X. L. 1996, Phys. Fluids, 8, 336

simulations, performed with better computational resesyc Livne, E., Asida, S. M., & Hoflich, P. 2005, ApJ, 632, 443

will be able to resolve progressively smaller scales amtate Nakai, S. & Takabe, H. 1996, Reports of Progress in Physics,

more bubbles. The dependence of the explosion features oh9, 1071

the number of bubbles, when this number is larger than abdiemeyer, J. C. & Hillebrandt, W. 1995, ApJ, 452, 769

100, opens new insight on the explosion mechanism of SNeN&emeyer, J. C., Hillebrandt, W., & Woosley, S. E. 1996, ApJ,

(Ropke et all 2005). At this stage the increased spatialues 471, 903

tion will not help to improve the results unless there is adyet Nomoto, K. 1982, ApJ, 253, 798

understanding of the link between the progenitor evolutiod Nomoto, K., Thielemann, F.-K., & Yokoi, K. 1984, ApJ, 286,

the early explosion phase. Future SN simulations should als 644

take into account the short (0.1 s) temporal evolution of the Plewa, T., Calder, A. C., & Lamb, D. Q. 2004, ApJ, 612, L37

ignition process, and its interplay with the ongoing exglnos  Reinecke, M., Hillebrandt, W., & Niemeyer, J. C. 1999, A&A,
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