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ABSTRACT

The explosion of sub-Chandrasekhar mass white dwarfs eiatiuble detonation scenario is a potential explanatiortyjoe la
supernovae. In this scenario, a surface detonation in arhdhyer initiates a detonation in the underlying carbaggen core
leading to an explosion. For a given core mass, Bildsten.gR807) determined a lower bound on the mass of the heliurh she
required for dynamical burning during a helium flash, whishainecessary prerequisite for detonation. For a range ef eord
corresponding minimum helium shell masses we investigaggiver even for this limiting case an assumed surface heletonation
is capable of triggering a subsequent detonation in the &tleecarried out hydrodynamic simulations on a co-expanéinkgrian
grid in two dimensions assuming rotational symmetry. Thikgtions are propagated using the level-set approach simajdified
scheme for nuclear reactions that has been calibrated véttya nuclear network. The same network is used to deterdetaled
nucleosynthetic abundances in a post-processing stepdResapproximate detonation initiation criteria givenhe titerature we
find that secondary core detonations are triggered for ah@Kimulated models, ranging in core mass from 0.810 up3851M,
with corresponding shell masses from 0.126 down to 0.@@35This implies that as soon as a detonation triggers in amesibell
covering a carbgioxygen white dwarf, a subsequent core detonation is vistiradvitable.
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1. Introduction ter. The edge-lit case is more restrictive since it requargsong
) ) ) shock wave and might only work if the helium detonation start
The basic physical mechanism for type la supemova (SN I)some altitude above the base of the shell[ (cf. Livne & Glasn
explosions has become widely accepted since it was first o). In this work we examine the delayed mechanism since it
posed almost 50 years ago (see e.g. Hillebrandt & Niemeyggy still lead to a core detonation even for shocks too weak fo
2000, for a review): a thermonuclear explosion in electrofye edge-Iit case. In this spirit of determining minimal ditions
degenerate matte (Hoyle & Fowler 1960) produces radioggy g core detonation, we look into models with helium shell
tive >Ni that, by its decay, releases the energy which powasses substantially lower than previously considerenvieed
ers the light curve (Truran etlal. 1967; Colgate & McKee 196, getonation is triggered in these, the shock they drivetiméo
Kuchner et al.| 1994). Despite this long history, the quegye is expected to be particularly weak.
tions of the progenitor system and the explosion scenario
are not completely answered. In the so-called double detona
tion sub-Chandrasekhar model a detonation in an accreted he [Fink et al. {2007, hereafter referred to as Paper 1) found a
lium shell causes a secondary detonation of a cahygen secondary core detonation to be robustly triggered in multi
white dwarf (GO WD) core (e.g! Woosley & Weaver 1994;4imensional hydrodynamic simulations of generiti-models
Livne & Arnettl1995). This happens at a total mass smallem thgith shell masses of 0.1 to 0. Here we revisit the double-
the Chandrasekhar limit and can lead to a wide range of fessifetonation sub-Chandrasekhar supernova scenario foea sér
explosion strengths. Recent population synthesis stsdggest models with diferent core—shell mass combinations. We use the
that such events are in principle frequent enough to acdount minimum helium shell masses required for dynamical runaway
a significant part of the observed SN la rate (Belczynskiet @hjculated by Bildsten et al. (2007). We find that even fos thi
2005; Ruiter et &. 2009). most conservative case, a helium detonation initiatedeabétse
This scenario hinges on two critical points — firstly the foref the shell robustly triggers a secondary detonation inGi@
mation of a detonation in the helium shell and secondly wérethcore. We therefore also investigate the hydrodynamic éosiu
a successful detonation of the helium shell can detonatedtiee  nucleosynthesis, and observational implications of sugiice
Here we focus on the second question. A secondary detonatfins.
can be triggered in two fferent ways: either directly when the
helium detonation shock hits the cggkell interface (“edge-lit”),
or with some delay, after the shock has converged near the cen Sect[2 contains the setup of our simulations. In $éct. 3 we
describe the hydrodynamics and nuclear reaction netwat&so
* E-mail: mfink@mpa-garching.mpg.de used to perform the simulations. The results are presenteti
1 But note that there is still some discrepancy between tthp ta” in Sectm. SeCE]S diSCUSSGS the results and theirmﬂal
tions and those made from observations, which tend to béfisgmly ~consequences in an astrophysical context. Our work is summa
lower (Deloye et gl. 200%; Bildsten etlal. 2007). rized in Sectb.
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Table 1. Parameters of our initial modelse 7 denotes the cen- 2.2. Detonation initiation
tral density in units of 10g cn3, py, 5 is the density at the base
of the helium shell in units of T0g cnT3. Mygt, Mcore, and Mg
are the masses of the WD, th¢QCcore, and the helium shell,
respectively. All masses are given in solar masses.

The simulations are carried out in a similar manner as in the p
vious study [(Paper I). In all models, the helium shell is igdi
at a single point at its base. This one-point ignition scenar
troduces an asymmetry which makes it harder to trigger a core
Vodel T > 3 7 = 5 detonation than in symmetric shell-ignited models. MoeFpit
Mo 0936 1.004 1080 1164 1.293 13885 S expected to introduce viewing gnglﬁe_n:ts_ in the_ synthetic
Mee 0.810 0.920 1.025 1.125 1.280 1.3850 light curves and spectra. As the simulation is carried odn
Mg, 0.126 0.084 0.055 0.039 0.013 0.0035 rotational symmetry, the ignition spot is placed on the {aesi
Pe7 1.45 24 415 7.9 28 140 z-axis of the cylindrical coordinate system

Pb.5 3.7 4.0 45 6.1 6.4 8.7 We follow the detonations in the helium shell and in the WD
core with two separate level set functions (see also S8t 3.
The helium detonation is started by hand by setting the x|
set function to positive values in a volume of choice at theeba
of the shell. Since dynamical burning is a necessary butufit s

2. Explosion scenario cient criterion for the initiation of a detonation, the faation of
the helium detonation is a fundamental assumption in our-mod
2.1. Initial models els.

. tiori After shell ignition, the WD core is scanned for “hot spots”
The models we study are WDs with a composition and 4yising from the shock exerted on the core by the helium det-
O (equal parts by mass) with minimum accreted helium Sh%ﬁlation. If a stficiently large volume becomes hot and dense
mass Msp) that might lead to a detonation, as calculated bynough, a gD detonation is initiated by setting the second level
Bildsten et al.|(2007). They assumed a cerfliire—Msnh COM- g6t function to positive values in this whole volubd@o de-
bination and calculated the resulting structure &dT, eVo-  ¢ige when to initiate the detonation, critical densities &am-
lution (with Mcore being the mass of the accretor WD, aBgl peratures given in the literature are used (Niemeyer & Waosl
and Ty, being the pressure and temperature at the base of {igg7) Rapke et all (2007); see Tables 1 and[2 of Paper I).
shell) in a series of hydrostatic equilibrium |n7tegratlm$sum- These detonation initiation criteria, which are based @n th
ing a constant-temperature coréTabre = 3- 10K and a fully  5qqymption of spherically symmetric linear temperatueeslgr
convective shell with an adiabatic temperature profile.théa o5 extending into unburned fuel, are limited by some inher
by the triplee reaction in a pure helium shell was taken into aGsn ncertainties (e.0. Seitenzahl éfal. 2009 point ot tthe

- . t
count. Thus, the maximum temperatures during the flash CO‘f\Jﬁctional form of temperature and density gradients ofttbe
, ; ; . . 8spot significantly fects the critical detonation initiation condi-
In series of calculations with varyinlsn, the minimum flash ns). Furthermore, the process depends on the compositio

ignition masses that allow for a dynamical burning event anflg f,e|, the background temperature and local velocitgéR!
potential detonatioMmi, were determined (the terdynamical - gjce the critical length scales pertinent to detonatidtiation

rehfeﬁsbto the (k:]ondl_tlc_)nr’ihat thebnuclear burning Hmesrcigéea Iare generally much smaller than the grid resolution, adiltgs
shell base, where It is hottest, becomes as small as thedgeal o ga details is currently impossible in our full-star siations.

namical timescale). However, the detonation initiations in this work are fairty-
Bildsten et al. [(2007) also study AM Canum Venaticorurust: the critical temperatures and densities we applyignéfis

binaries consisting of a/0 WD accreting at large rates fromcantly exceeded (see Table 2). Fully resolved calculatibtise

a helium white dwarf donor. They show that for WD massegetonation initiation conditions are expected to only matkly

2 0.8 M,, flash masses reach or surpaési, before the donor change the critical conditions. Thus, our conclusions khieold

mass is depleted. This makes these systems interesting cagdspite these uncertainties.

dates for the sub-Chandrasekhar scenario as they mighebe fr

quent and also might explode at small helium shell massé4 (0.

—0.1Mp). 3. Numerical simulation

The initial modelg for our hydro S|mulat|ons WEre Conpyr numerical hydrodynamics scheme, briefly summarized be-
structed as follows: givep; (central density)Tcore, pb, @and Ty

t the instant when burning b 4 al ided ow in Sect[3.1, is similar to the one used.in Paper |I. However
at the instant when burning becomes dynamical (provided Ry, e have been major changes to the treatment of the burning
Bildsten and Shen, private communication), hydrostatigi-eq

gﬂhysics, which are described in SEcf] 3.2. Also, a postgasing

librium was integrated using our own code’s equation ofesta ; : e
t differs slightly from Bildsten etaLL (2007). €.q. it does nofheme o o cmbioyed @ determine more realitic nucteosy

include Coulomb corrections to the ion pressure. Therefore
our corgshell masses might slightly fier, but this should not
change the main properties of the explosion dynamics. 3.1. Hydrodynamics

_ The most important parameters of our initial models aig o,r Eylerian hydrodynamics code the reactive Euler equa-
given in Table[1. In our _models we _ngglect any potential €Hons are solved using a finite volume scheme based on
hancements of the chemical composition due to the metsllici

of the progenitors. The core mass&kre) range from~0.8 Mo 2 14 prevent grid geometryfiects on the flame, every hot cell initi-
for Model 1 to nearly the Chandrasekhar mass for Model 6. Ages a burning bubble with a radius of three cells around it.

already mentioned, the shell masdés, are set toMmin. The 3 For such Eects, volume burning behind the converging shock wave
density at the base of the shell varies only moderately betwenould have to be accounted for, but these are not yet implarden
3.7and 87-10° gcnt?, our code.
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the PROMETHEUS code by Fryxell etial. (1989), which igore such that each particle represents the samefhfasspa-
an implementation of the “piecewise parabolic method” dfally resolve the nucleosynthesis in the thin helium stielipite
Colella & Woodward [(1984). In order to track the expandings smaller mass, the same numbemngf = Neore tracer parti-
WD during the explosion, a co-expanding uniform grid as ioles was placed there. With this distribution, particlehmcore
Ropke & Hillebrandt [(2005), and_Ropke (2005) is uBeth  and in the shell represent masseé%'@ﬁ andm, respectively.
some of the simulations (Models 4, 5, 6) exponentially grow- eore fanel
ing cell sizes (e.d. Reinecke etlal. 2002b; Ropke ket al. pasH
used in the outer parts of the grid in order to keepfadently 4. Simulation results
high resolution in the @ WD during the helium shell deto- . . o .
nation and successive shell expansion. The grid resolutas N this section we present the main simulation results. idf t
1024 2048 cells in 2D rotational symmetry. An equation of statgiodels behave in a characteristically similar manner. &loee
for WD matter and monopole gravity complete the system. TiIr discussion will focus on Model 2Mcore = 0.92 Mg =
equation of state includes contributions of an arbitradiéggen- 0.084Mo) as a detailed example but we will also comment on
erate and arbitrarily relativistic electron gas, nucleittfollow a  the other models where appropriate.
Maxwell-Boltzmann distribution, photons, and electimrsitron
pairs. The qependencyqn changes in the number of electeons p ;. Explosive evolution
baryon,Ye, is also taken into account.
Starting from the ignition point (see top-left panel of HI,

) the helium detonation surrounds the whole core until it con-

3.2. Nuclear burning verges again at the “south pole”. While the detonation moves

The two detonations are followed by independent level setsﬁlong the base of the shell, an oblique shock wave propagates
ipto the core, convergingfbcenter at a point on the negative

passive implementation (Osher & Sethian 1988; ReineckE et . > . - 1
1999:[Golombek & Niemeyer 2005). The burning velocity i&-2X1S (Cf.LLivne & Glasner(1990). Papeifi)As can be seen
calculated as a function of the local density: in tiiée deto- in Fig. [, this resembles the self-similar problem of a spher

nation the Chapman-Jouguet case is assumed and the burgﬁ'!ly or cylindrically converging shock wave (CL. GudeflEgAZ;

speed relative to the ashes is the local sound speed/Qna€ L'andau & Lifschitzl 1991 Ponchaut etlal. 2006), which result

high densities above?2 - 10’ self-sustained detonations are oignof\/té?jn%jg?glégﬁ_r;%ﬁzrsi'tontgﬁmc'glrglsytﬁgﬂLzzatlgsb;:z&e'
pathological type (e.@. Sharpe 1999). For the burning sp=ad | . Y, e :
tive to the fuel the values bf Gamezo et al. (1999) are usedeabd? "€ach @ certain compression just become smaller if theksho
107 gcnt. At lower densities the Chapman-Jouguet case is 42T the shell detonation is weaker. However, the maximusi po
' Sible compression is limited (cf. Paper ). The question ¢o b
sumed. : ) . . ;
A simolified sch . dt del th | addressed in this study is whether the volume at which high
I SImpli Ite' S¢ _em_le 'St u;e OlnjodeR 1€ eri:ergtyaz)ezttezase ough temperatures and densities for dynamical carban bur
huclear reactions, simiiar lo =aper 1 an elnlezc 9166 . P ing are achieved is large enough for a detonation to formum o
the code includes five species variables*de, 1°C, 160, inter-

. . imulations we always reached densitie0® g cnm2 and tem-
mediate mass elements (IMEs), and iron group elements ][IGE;P} y 9

. o ) ratures- 3.2- 10° K on resolved scales 2.5 km. The critical
Changes in composition and internal energy due to fast re dius for detonation formation at these conditions is, éxmn,

tions occur m_stantaneously behind the flame discontintitty only 2 m. Thus, the critical conditions for detonation iafion

this end, the final abundances and Q-values have _been_tadbulg{]e met for all our models, despite small shell masses. Thble

against fuel density. T.h's new prescription ConstitutesraN |igi5 the conditions at which the core detonations weretéghi

provement to the burning schemelof Paper I. Details are given ;, Paperll, a conservative critical temperature 6f14° K

in the appendix. was used. Thus, the given values are only a lower limit for the
maximum possible compression at the given grid resolutidh

3.3. Post-processing the detonation would have been suppressed, stronger cempre
sion would have been achieved. Only Model 6 did not surpass

Our post-processing scheme is similar to Travaglio et 8042: 4 - 10° K, despite being simulated at the highest spatial resolu-

passively advected tracer particles are used in the hydr® rdgion. The conditions reached in the shock compression, hexve

and detailed nucleosynthetic yields are calculated aftedwy were still sdficient to safely assume a successful detonation trig-

from their density and temperature trajectories. To thid, @n gering. Therefore, it was ignited at this lower temperaiare

large nuclear network with 384 species ranging from pratorsecond run. This model verifies that it is harder to compress t

neutrons, andr-particles to®Mo is employed. A description core suficiently if the helium shell mass is small. Conversely,

of the code used to solve the large nuclear network can the high initial density of the most massive model makes a det

foundin Thielemann et al. (1990), Thielemann etlal. (1986)l onation easier. Based on our approximate initiation gatesre

Iwamoto et al.|(1999). The reaction rate libraries adoptettiis  conclude that the limiting factor for a successful core datmn

work are the same as in those references, however, newestals only the successful formation of a detonation in the maliu

for weak reaction rates_(Langanke & Martinez-Pinedo 2008hell.

were used as described.in Travaglio etlal. (2004).

A number ofngre = 80- 160 = 12800 tracer particles is
placed equidistant in radial mass coordinate and@oshe WD

5 An offset is added to the coordinates such that each particle has a
random initial position within its corresponding fluid elent.

6 Rotation dfects that are neglected here could break the symmetry
of the one-point ignition scenario if the ignition spot wasdted @ the

4 The expansion of a fixed mass shell is tracked. To resolventheks rotation axis. This could distort the minimum shocked voduand make
convergence arising from the helium detonation, for Models3 the a core detonation moreféicult. The spherical shell ignition case and all
grid is kept static until the end of helium burning and for ratsd4 — 6 ignition geometries that are symmetric with respect to tiation axis
it is kept static until the onset of/O detonation. should, however, not be influenced.
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Fig. 1. Explosion evolution for Model 2. The

density is color coded, and the solid cyan

and magenta lines are the locations of the he-

lium and QO detonation flames, respectively.
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Table 2. Conditions at core detonation initiation for all modelsfact that the ignition spots of the core detonations lie @il
tign, Taign P8igns andzgn are the time, temperature in A&, relative distances (0.4 — ORyre) from the center.

density in 16 g cnT3, andz coordinate at the ignition spot, re-

spectively.R:qre denotes the radius of the/@-WD core andA

the grid resolution, which is approximately1000 of the WD

radius. We will now discuss our fiducial case (Model 2) in detail.
Model tign[S] Taign pPsign  Zgn [KM]  [Zgnl/Reore A [km] At densitiess 4- 10° gent? in the helium shell, burning is rela-
1 194 462 1.08 -1,910 0.39 9.86 tivelyincomplete and nuclear statistical equilibrium @S$s not
2 1.78 415 158 -1,850 0.40 8.43 reached. The final compositioni$3% of*He, ~10% of IMEs,
3 158 442 224 -1,750 0.41 6.81 and~26% of IGEs (see Sedi. 4.2 and Table 3 for more details).
4 1.30 4.09 189 -1,560 0.41 5.59 The QO detonation starts dt~ 1.8 s and az ~ —1,900 km
5 100 414 463 -1,370 0.46 3.86 (see Fig[L) and it produces 0.84, of 56Ni, 0.44 M,, of IMEs
6 064 323 892 -1,040 0.50 2.54 and 0.11M, of 1%0. The structure of the ejecta at= 10 s,

where our simulations stop and the ejecta are close to hemolo
gous expansion, is shown in Fid. 2. The shown distributio® ha
Table[2 gives times and positions of the detonation initidbeen derived from the tracer particles after the post-fasing
tions on thez-axis. That the carbon detonations occur earliestep. Due to the two detonations, IGEs can be found both in the
for smaller shell masses can be explained by the decreaseardtral region and in the shell. The shock of th®©@etonation
the core radii associated with the increasing core masdes. Aartially penetrates into the helium-detonation asheis gies
smaller radius the helium detonation has a shorter way @rourse to the Richtmyer-Meshkov instability which generates
the core while the helium detonation speed at the base of times at the boundary betweefG: and helium-detonation ashes
shell is roughly constant for all models. Note that the agjro (see upper right part of Figl 2). Thiffect causes some mixing
mately self-similar nature of the problem results in theiaus between unburned/O and IGEs from the helium detonation.
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Table 3. Total nucleosynthetic yields of selected species or gratdigpeciesMc,o fuel aNd Mg 1uel are the total masses of initial
fuel in the QO core and the helium shell, respectively. For the heliunomiion the values in brackets give the fraction of an
isotope mass to the total shell madse ruel. ML is the total mass of all radioactive species that could pawéght curve:>®Ni,
52Fe, and®®Cr. All masses are given in units ®,. Eyi, is the asymptotic total kinetic energy.

Model 1 2 3 4 5 6
C/O core detonation
Mc/o, fuel 8.1-101 9.2-101 1.03 1.13 1.28 1.39
Mices 1.8-101 3.6-10! 57-101 8.2-10 1.11 1.33
Mimes 4.8-10" 4.4.10" 3.7-101 2.6-10" 1.2-107 3.1-107?
Msey; 1.7-101 3.4-101 5.5-10" 7.8-10" 1.05 1.10
Ms2ge 7.6-10°3 9.9.10°3 9.6-10°3 7.9-10°3 4.2.10°3 1.7-10°3
Masc, 3.9-10* 4.6-10* 45.10* 3.8-10* 2.1-10% 7.1-10°
Misg 1.4-101 1.1-107 8.0-107? 4.2.107? 3.1-107? 1.2.102
Maz 6.6-10° 4.4.10°3 2.7-10°3 8.8-10* 5.9.-10°3 7.4-10*
Helium shell detonation
Mue fuel 1.3-10¢ 8.4-107° 5.5.10° 3.9-107 1.3-1072 3.5.10°3
Mices 2.9-102(23%) 2.22102(26%) 1.7-102(30%) 1.3-102(33%) 4.2-103(32%) 1.1 1073 (31%)
Mimes 1.3-102(10%) 8.2-10°(10%) 5.3 10°%(10%) 5.7-10°(15%) 1.9-10°(14%) 7.3 10*(21%)
Mssyi 8.4-10%( 1%) 1.1-103%( 1%) 1.7-103%( 3%) 4.4-10°(11%) 1.5 103(11%) 5.7-10*(16%)
Meszg, 7.6-103( 6%) 7.0-103( 8%) 6.2-103%(11%) 3.5 103( 9%) 1.2-103(10%) 2.0-10*( 6%)
Masc, 1.1-102( 9%) 7.8-103( 9%) 4.4-103( 8%) 2.2.103( 6%) 6.8-10*( 5%) 1.5-10*( 4%)
Maar, 7.9-103( 6%) 5.4-103( 6%) 3.4-103( 6%) 1.8-103( 5%) 4.9-10%( 4%) 6.2-10°( 2%)
Maocy 47-103( 4%) 3.2.103( 4%) 2.2-103( 4%) 2.2-103( 6%) 6.8-10%( 5%) 2.4-10%( 7%)
Mape 8.4-102(66%) 5.3 102(63%) 3.3102(60%) 2.0-102(52%) 6.9 103 (54%) 1.7-1073(48%)
M. 2.0-101 3.7-101 5.7-101 8.0-101 1.06 1.10
Eqn [10°Lerg]  0.90 1.04 1.20 1.40 1.59 1.68
4.2. Nucleosynthesis Coulomb barriers increase with mass number, this proceps st

at some maximum mass number depending on the local tempera-
The total nucleosynthetic yields of the explosions aremive ture. This leads to an inwards increase of the mean mass mumbe
Table[3 for each model. The upper part lists the results of theaking roughly at®Cr or52Fe. The final yields of Model 2 in
C/O core detonation, whereas the lower shows those for the ketocity space (Fig$l4 arid 5) clearly demonstrate thisitrém
lium shell detonation. Neutronization becomes importany o the very innermost parts of the shell, where the initial desss
for the highest mass model showing 16% of IGEs that are nge highest, the mass numbers are again lower. This is due to
%6Ni. This model is also peculiar in having almost no IMEs (onlgnrichment by carbon produced by triplereactions that take
~2% of the total mass). The NSE freeze-outisich for all place before the onset of the detonation. This occurs becaus
models showing significant contributionste, >'Ni, >®Ni, and  of the high temperatures at the base of the helium shellsin ou
60Zn in the final composition. Fif] 3 shows the distributionfeé t initial models. In a mixture of2C and“He, if the carbon mass
nucleosynthetic products in velocity space along the exizt fractionX:.:c exceeds a value 8, then there is not enoudhie
axis (this is representative of the mean for the whole expi)s to form nuclei with mass numbeX or larger bya-captures in

the course of a detonation passing through this matter, 61g.

A slice of Fig.2 at the = 0 plane gives an overview of all Xizc > 5 One expectéimax < 36.

nucleosynthesis taking place in Model 2 (Ei. 4). Produttse The initial triple< burning in the hottest regions of the shell
C/O detonation are located below velocities-af3,000 knfs. iy the initial models provided by Bildsten et al. (2007) has n

The yields are: IGEs: 39%, IMEs: 48%0: 12% (see also peen taken into account in our hydrodynamic simulations, as
Table[3). For the low central densities present in most of the,

_ ey lack a nuclear network that could calculate this volume
models, relatively large amounts of IMEs aftD are found. burning efect. It has, however, been considered in our post-
However, there is almost no unburnéd.

processing step. This introduces some asymmetry in théisesu
The helium detonation products are located vat > which reflects our choice of a pure helium shell compositioth a
13,000 knfis above the © detonation layers. As discussed bingle spot ignition: while the detonation wave wraps atbun
Bildsten et al.[(2007), the burning products at those lowstenthe WD, more and mor&C is produced in the remaining shell
ties difer significantly from previously published values (e.gnaterial. For Model 2, the mass-fraction of init{&C which is
Khokhlov[1984/) 1989). For Model 2 the most abundant nucleached at the equator by this volume burning is consistéht w
are unburnedHe (63%), the IGE$8Cr (9%), %?Fe (8%), and the minimum mass fraction values given|in_Shen & Bildsten
44Ti (6%), and the IMES'®Ca (4%),%CAr (4%), and®?S (1%). (2009). Above the equatorial plane there is less initiaboar
The low-density helium burning regime is characterized by nbelow there is more. Therefore our total yields should bghby
reaching NSE and the fact that at the low maximum tempearensistent with spherically symmetric or one-dimensi@imal-
aturesa-captures are much faster than the tripleeactions. lations based on their initial compositions. The valuedighbd
For the low initial densities in the outer shell, helium isstlp in|Bildsten et al.[(2007) from the one-dimensional det@ratf
unburned. Deeper in the shell the higher densities incréfsse a similar model, however, fier from ours as they assume a det-
triple-a rate meaning that mortHe is burned and higher max-onation in pure*He. Thus it is not surprising that they reach
imum temperatures are reached. Ondé@nucleus is formed, %Ni by a-captures and find it to be the most abundant burning
a-captures process it rapidly to higher mass numbers. Shece product. The fact that they burb7% of the helium and we only
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Fig. 3. Mass fractions of the main groups of nuclei in velocity
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Fig. 2. Ejecta structure in velocity space for Model 2 at 10 < 30

Color coded is the mean mass number (averaged over Mass:
>i AiXi, whereA; andX; are mass number and mass fraction ¢
a nucleus, respectively). - 9
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Fig. 4. Mean atomic mass number in the equatorial plane Q)

4.3. Asymmetry effects for Model 2atl0s. Points give the values for individual &ac
- particles withind = 7 + 7/32.

In Fig.[2 asymmetries in both composition and ejecta vakgit

of Model 2 are visible. These are quantified in Hi§j. 6, which

shows the abundances of the main groups of elements averaged . :

for three diferent angular ranges® 6- 45 (“north”), 67.5 — change by stronger expansion of the southern ejecta. The ef-

112.5 (“equator”), and 135— 180 (“south”). The main dier- fect is also visible in the final distribution of tracer paltis
ences are: ’ shown in Fig[¥. As every particle represents the same mass,

it can also be seen that the southern regions are denser than
— Helium detonation products in the north extend over a larger the northern ones. This property might be important for spec
velocity range than those in the south. As the ejecta are al- trum formation, as a larger range in velocity space increase
ready homologous to very good accuracy at 10 s, this cannot the range of possible photon absorption frequencies.
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core with IGEs from the shell detonation. This might be due
to the Richtmyer-Meshkov instability (see Sécf]4.1).
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Qualitatively similar asymmetry fiects appear for the other
models of our study.
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E o2 /\ IGE & The primary goal of this work has been to investigate whether
0.0 .

: m e ” s or not secondary core detonations can be triggered for sosna
v [1000 kms] with the minimum helium-shell masses of Bildsten etlal. (200
We find that secondary core detonation conditions leadirgy to
é ccessful explosion of the WD are obtained in all of our six
ILﬁnuIations. We now comment on the key observational impli-
cations of our double-detonation models.
Depending on the initial central density of the model,
the GO detonation produces nickel masses between 0.17 and
_ 1.1 M. In principle, this range is shiciently broad to en-

— From north_ to south the amount of burned material d%bmpass all major classes of type la supernovae (cf., e.g.,
creases. It is 48%, 37%, and 24%, for the northern, equatkitzinger et al. 2006, for a sample ¥Ni masses determined
rial, and southern directions of Figi. 6, respectively. Alse  for 16 well-observed SNe la): the high mass end of sub-lumno
amount of synthesized IGEs is less (corresponding to smallgy 1991b@-like events £0.07 — 0.17M,: Model 1), normal
maximum mass number valuesin FE]; 2): itis 88%, 66%, aque la supernovae-0.4 — 0.8M,: Models 2, 3, 4), and bright
51% of the burned matter, respectively. SN 1991F-like explosions £0.85 — 1.0M,: Models 4, 5).

— At the south the fO core has been compressed morg Fig. [8 we show angle-averaged ultraviolet-optical-dnéd
strongly: the outer boundary of the core ejecta is found {@yQ|R) light curves for all six of our models (computed with
be roughly at 14,000 kys, 13,000 kiys, and 12,000 ky8 the srmis code] Kromer & Sini 2009; Sim 2007; corresponding
from the top panel to the bottom panel of Hig. 6. This is alsgy|yes are given in Tablg 4). The light curves illustrate that
consistent with the IGE abundance from the core detonatlgmy does the peak magnitude vary significantly between the
increasing from north to south (30%, 36%, 55%) at the exyodels, as expected from thefférences in nickel mass, but
pense of IMEs (56%, 50%, 38%) and oxygen. that there is also significant diversity in both the rise sneee

— While the core ejecta extend to smaller velocities in themou-ram@) and the post-maximum light curve shape. This diers
the IGEs reach significantly higher velocities there.

— Especially in the northern hemisphere there seems to be sig-[Filippenko et al.[(1992); Leibundgut etll. (1993)
nificant mixing of unburned carbon and oxygen from the® [Phillips et al.[(1992)

w
o

Fig.6. Asymmetry of mass fractions in velocity space fo
Model 2 at 10 s. (Group) abundances are averaged for three
ferent polar angle ranges and over velocity bins of 25@skm
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ROpTT ey detonations would still be triggered for a composition 0830
: Moel 12 5 & 4 carbon and 70% oxygen (in mass). For compositions with sig-
F 1 nificantly lower carbon fraction like in oxygémeon WDs deto-
nation criteria are not available yet. Detonation condii@and
nucleosynthesis in these stars should be investigatedtimefu
studies. The concerns regarding the WD initial compositign
alleviated by the fact that our ignition spots are far abdwe t
center (see Sedi. 4.1 and Table 2) where the carbon fraction i
expected to be larger than in the innermost region (see, e.g.
Althaus et al. 2005).

The material produced in the helium shell detonation has
important observable consequences. Althotfiti is not very
abundant in our models, significant mass-fractions areiqbest
Lo . ‘ . i for the radioactive nucle®Fe, “8Cr, and **Ti. All of these

0 10 o 2 expiosion?gays) 40 50 cquld play a partin powering the supernova I_ight curve (k_sba

Bildsten et all 2007, who consider single helium detonasion

Fig. 8. UVOIR bolometric light curves for the models. Two lightpernova light curves). The yields of these nuclei are given i

curves are shown for Model 1: the first (solid line) shows thle ¢ Table[3 and, for Model 1, are as large as 20% of*iNi mass.

culation for the complete model while the second (dasheg) linThe total mass of afi®Ni, >2Fe, and*®Cr contributions is given

shows the result obtained when the contributions of radiac asM. in Table[3.

*2Fe and*®Cr are neglected. 52Fe and*®®Cr have relatively short decay times and release
a similar amount of energy per decay %8li. Since they are

Table 4.Rise timesyeakand peak absolute magnitudeso,, for located in the outer ejecta (see Hig. 3), they can contritmute

o : the early phase light curve of the models in which they are
the UVOIR bolometric light curves of the modelsm?' is the > 1 .
change in bolometric magnitude between maximum light a undant. This is illustrated in Figl 8 where, for Model 1, we

. . mpare the light curve computed including the energy seléa
aic(l?ésintger%a{t(:éDue to Monte Carlo noise magnitudes %%52% and*®Cr to that obtained if these decay chains are ne-
M 9- glected. Generally, the contribution frotfFe and*®Cr decays
is fairly small and is most significant during the rising pbass
expected. The light curve at maximum is completely domithate
by energy released frorfNi and °®Co decays and it remains
so throughout the decay phase. There is a modest enhancement
around 30 days (of abot0.2 mag) that is mostly due to energy
produced by*®V, the daughter ofCr for which the decay time
. o _ _is T1/2 = 16 days. The half-life ofTi is too long for its decay
arises from the difere_nt distributions o_f the burnlng products in, directly contribute to the early light curve. Nevertresgthe
both the core and helium shell. In particular, there is ardlead 5, ndance of titanium is crucial far- and B-band light curves

for faster rise times in the brighter models. This occurs&ijin 5., spectra since even small amounts contribute signifyciant
the brighter models, ti&Ni-rich core material extends to higherie opacity of the shell.

velocities and the opacity of the outermost layers is less@w . : : . .
to the lower masses of the IGEs made in the helium shell detona ' € Nigh velocity IGEs produced in the helium detonation
tion. The fainter models show a single, fairly broad UVOIRma impose an important constraint on the ability of our models t
imum while the brighter models have an initial peak with aweieproduce the early spectra of observed SNe la. SN 1991bg-

; ; ; i bjects show titanium in their spectra, but our modets a

shoulder appearing around 30 days after maximum light. T 'ilée ob ) -
shape is qualitatively similar to that obtained for UVOIgHt 0o brlght to fit their light curves. Normal SNe la do not show
ear signatures of IGEs at early epochs. Similarly, altffou

curves for standard SN la models such as W7 (Nomoto et jear i f IGEsfacting th X tra of
1984); see figure 7 of Kromer & Sim (2009). Full details of ou ﬁriglsé1e¥l I_Ence OI . c lngM € pr(le_-rr:.aﬁlnlgg;pter:: rao
radiative transfer simulations, including complete sdtsym- “like explosions (e.g. Mazzali et al. ), the=e a

) - ; : inconsistent with our models since the important featuneset
'[Srgsg)cl I{lg?(’;r%lérrvgtseﬁlngogL%ictra will be presented in a corig Nare associated with iron rather than the IGEs predicted to be

For most of the models (1 4) the@ detonaton pro- FATEER [T B THASERIEES SIMETERNEEL D
duces a significant quantity of IMEs-Q.48 — 0.26Mo), as me)r/ns created during minimum heIium-Fs),heII detonation$1)i/s i
required to account for the strong lines of e.g. silicon.- su'ontradiction with observations requires detailed radistans-

phur and calcium which characterize the maximum-light Spef%g{ simulations and consideration of possible uncertagriti the

tra of SNe la. The extreme Model 6, however, makes almqst,. . :
;'?ellum-shell nucleosynthesis. In particular, we woule li& em-

Model 1 2 3 Z 5 6
foa[days] 186 186 180 165 144 139

Mgg'ak -176 -18.2 -187 -19.1 -19.4 -195

Amp? 064 040 050 055 055 0.66

no IMEs and Model 5 yields only a rather small IME mas . : .
(~0.1 Mo). This means that they are unlikely to be promi hasize that the nucleosynthetic outcome of the heliumndeto

h : n depends on the enrichment of the shell with lightuclei
ing candidates to account for real SNe la. However, they af 14 - ;
still interesting as a demonstration that detonations co:lhsuand N (cf.[Shen & Bildstein 2009). Thus, the resulting amounts

52Fq 48 AT ianifi i
small shell masses can still trigger a secondary detonatian of °?Fe, “°Cr, and™'Ti could be significantly lower than found in

C/O-WD core. Note that possible initial compositions favgrin
more oxygen (and neon) for massive WDs (cf. Domingueziet ak Note that the decay-time &fFe is so short;-0.5 days, that it is
2001;LGil-Pons & Garcia-Betriio 2001) are not considere@ heexpected to have almost completely decayed@r before the light
Extrapolating from Seitenzahl etlal. (2009), we expect tloagé curve is bright.




M. Fink et al.: Double-detonation sub-Chandrasekhar supee: can minimum helium shell masses detonate the core? 9

this study. This will be discussed in a future study (Kronteale Livne, E. & Arnett, D. 1995, ApJ, 452, 62

2010). Livne, E. & Glasner, A. S. 1990, ApJ, 361, 244
Mazzali, P. A., Danziger, I. J., & Turatto, M. 1995, A&A, 29509
Niemeyer, J. C. & Woosley, S. E. 1997, ApJ, 475, 740
Nomoto, K., Thielemann, F.-K., & Yokoi, K. 1984, ApJ, 286,54

6. Summary Osher, S. & Sethian, J. A. 1988, Journal of ComputationakRky 79, 12

: . Phillips, M. M., Wells, L. A., Suntzff, N. B., et al. 1992, AJ, 103, 1632
Motivated by the robustness of a secondary core detonaiain tPonchaut, N. F., Hornung, H. G., Pullin, D. I., & Mouton, C.2Q06, Journal of

was found in a previous study (Paper ), the double-detonati Fiuid Mechanics, 560, 103
sub-Chandrasekhar scenario for SNe la was re-investigeitési Reinecke, M., Hillebrandt, W., & Niemeyer, J. C. 2002a, A&386, 936
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ondary core detonations will be triggered. Ropke, F. K. & Hillebrandt, W. 2005, A&A, 431, 635

In order to improve the accuracy of the explosion dynaangke, F. K., Hillebrandt, W., Niemeyer, J. C., & Woosley,ES 2006, A&A,
ics over that of Paper |, we switched to a more realistic d{ory, | "= « \woosley. 5. E., & Hillebrandt, W, 2007, ApJ068344
tion prescription in our numerical hydrodynamics simaes, gyiter, A J.. Belczynski, K., & Fryer, C. 2009, ApJ, 699, 802
including an energy release that was calibrated with a latge seitenzahl, I. R., Meakin, C. A., Townsley, D. M., Lamb, D, @ Truran, J. W.
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. Shen, K. J. & Bildsten, L. 2009, ApJ, 699, 1365
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realistic helium detonation physics (not producing ptii as stitzinger, M., Leibundgut, B., Walch, S., & Contardo, B0B, A&A, 450, 241
in IPaper|l)a successful core detonation was found to be very  Thielemann, F.-K., Hashimoto, M.-A., & Nomoto, K. 1990, Aj339, 222
robust (for a discussion of uncertainties concerning the detonghielemann, F-K., Nomoto, K., & Hashimoto, M.-A. 1996, ABBO, 408
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Acknowledgements. We want to thank Lars Bildsten and Ken Shen for kindlylnlPaper|l we assumed a certain transition density between bu
providing the data for our initial models and for helpful dissions. The sim- ing to NSE and incomplete burning in the/G detonation.
ulations presented here were carried out at the ComputeteCefithe Max Additionally, burning was stopped below a roughly estindate
Planck Society, Garching, Germany. This work was suppdstethe Deutsche L2
Forschungsgemeinschaft via the Transregional Collalverd&esearch Center fuel densny. Therefore the to.tal amOL.mt of IGES,and IMEs pro
TRR 33 “The Dark Universe” and the Emmy Noether Program (R@6361) duce_d was relatively uncertain. For this work we Ca“bd?tﬂ” _
of the German Research Foundation. burning using a large nuclear network (see dect. 3.3) inean it
ation of explosion simulations and post-processing stepset

up detonations spherically expanding from the center of a WD

References star and placed a large amount of tracer particles alongxiee a
Althaus, L. G., Serenelli, A. M., Panei, J. A., et al. 2005, A&435, 631 As starting point, the production of puféNi at all fuel densi-
Belczynski, K., Bulik, T., & Ruiter, A. J. 2005, ApJ, 629, 915 ties was assumed. The density and temperature profilesedtai

Bildsten, L., Shen, K. J., Weinberg, N. N., & Nelemans, G.208pJ, 662, L95 in this way were then used to determine the detailed nucteosy
Colella, P. & Woodward, P. R. 1984, Journal of Computatidaysics, 54, 174  thetic yields in a post-processing step (see Sect. 3.3) tivh

Colgate, S. A. & McKee, C. 1969, ApJ, 157, 623 - .
Deloye, C. J., Bildsten, L., & Nelemans, G. 2005, ApJ, 624, 93 large network. Thus the abundances of our five species (or the

Dominguez, I., Hoflich, P., & Straniero, O. 2001, ApJ, 5379 respective Q-values) could be tabulated against the liniéa-
Filippenko, A. V., Richmond, M. W., Matheson, T., et al. 199®J, 384, L15  sity of the unburned matter,. This result was then used in an-
Fink, M., Hillebrandt, W., & Ropke, F. K. 2007, A&A, 476, 183 other hydrodynamic simulation of the detonation and a sgécon
Fryxell, B. A, Mdller, E., & Amett, W. D. 1989, Hydrodynaios and nu-  mjqre gccurate abundance table was calculated from the post-
clear burning, MPA Green Report 449, Max-Planck-Instiit Astrophysik, . . . .
Garching processing. After several such iterations a self-consistelu-
Gamezo, V. N., Wheeler, J. C., Khokhlov, A. M., & Oran, E. S999ApJ, 512, tion was reached. The resulting table (see Eigl A.1) is used i
827 ) all the simulations presented in Selct. 4 and ensures a eonsis
g"'IPOVl‘)Ska-I&&G,\?fc'a'Be”g' E 388513’ ﬁgﬁ' i;g, 211 tent energy release and molecular weight in the hydrodynami
OlomRek, | & NIEMEYer, .. . )9, AcA, 495, simulations. Analogously a table for detonations in puriuhe
Guderley, G. 1942, Luftfahrtforschung, 19, 302 . 2 . .
Hillebrandt, W. & Niemeyer, J. C. 2000, ARA&A, 38, 191 was determined (Fig._Al2). Although our calibration proges
Hoyle, F. & Fowler, W. A. 1960, ApJ, 132, 565 does not account for potential changes in the detonatiengtin
Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS51239 in realistic simulations, it still provides a reasonablgaxi-
Khokhlov, A. M. 1984, Soviet Astronomy Letters, 10, 123 mation. This was confirmed by post-processing our simuiatio
Khokhlov, A. M. 1989, MNRAS, 239, 785 . X ) .
Kromer. M. & Sim. S. A. 2009 MNRAS. 398. 1809 presented in Sedi] 4, which gave results consistent witlyhe
Kromer, M., Sim, S. A., Fink, M., et al. 2010, in preparation drodynamic explosion simulations.
Kuchner, M. J., Kirshner, R. P., Pinto, P. A., & Leibundgut,1894, ApJ, 426, In the GO detonation (Figi_Al1) all major burning phases
L89 L ; . .
o . _arevisible: carbon burning, oxygen burning, and silicoming.
Landau, L. D. & Llfsc_hltz, E._ M 1991, _Lehrbuch der theorelisn Physik, Above densities of about-2L0” 9 o3 NSE is reached. NSE is
Vol. 6, Hydrodynamik (Berlin: Akademie Verlag) - : .
Langanke, K. & Martinez-Pinedo, G. 2000, Nuclear Physic§78, 481 represented only by IGEs in this table. A better represiemtaf

Leibundgut, B., Kirshner, R. P., Phillips, M. M., et al. 1998, 105, 301 NSE, a temperature and density dependent mixturéNifand



10 M. Fink et al.: Double-detonation sub-Chandrasekhaesgvae: can minimum helium shell masses detonate the core?

mass fraction

[
o
:)

10* 10° 10° , 10’
P, [g cm”]

Fig. A.1. Mass fractions of the species in thgdCdetonation ta-
ble plotted against the density of the unburned fuel
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Fig. A.2. Mass fractions of the species in the helium detonation
table againsp,. *°C and'®0 abundances are not shown, as their
values are too close to zero.

4He, is calculated in a fierent module of the code. Helium burn-
ing (Fig.[A.2) produces mainly IGEs and only a small amount of
IMEs at the small densities in our shells {0° g cnT3). A large
fraction of the initial helium is left unburned.
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