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ABSTRACT

Thermonuclear explosions may arise in binary star systamgich a carbon—oxygen (CO)
white dwarf (WD) accretes helium-rich material from a comipa star. If the accretion rate
allows a sufficiently large mass of helium to accumulateadagnition of nuclear burning,
the helium surface layer may detonate, giving rise to amphirsical transient. Detonation of
the accreted helium layer generates shock waves that patgpido the underlying CO WD.
This might directly ignite a detonation of the CO WD at itsfage (an edge-lit secondary
detonation) or compress the core of the WD sufficiently tggeir a CO detonation near the
centre. If either of these ignition mechanisms works, the tlgtonations (helium and CO)
can then release sufficient energy to completely unbind tbe Wese “double-detonation”
scenarios for thermonuclear explosion of WDs have prelydieen investigated as a potential
channel for the production of type la supernovae from WDsrofiad one solar mass. Here
we extend our 2D studies of the double-detonation modelgnifstantly less massive CO
WDs, the explosion of which could produce fainter, more dipevolving transients. We
investigate the feasibility of triggering a secondary cdet¢onation by shock convergence
in low-mass CO WDs and the observable consequences of suetoaation. Our results
suggest that core detonation is probable, even for the ldB@<ore masses that are likely to
be realized in nature. To quantify the observable signatafeore detonation, we compute
spectra and light curves for models in which either an edga-compression-triggered CO
detonation is assumed to occur. We compare these to symtitetervables for models in
which no CO detonation was allowed to occur. If significaraadhcompression of the CO
WD occurs prior to detonation, explosion of the CO WD can picela sufficiently large
mass of radioactive iron-group nuclei to significantly afféhe light curves. In particular, this
can lead to relatively slow post-maximum decline. If thecsetary detonation is edge-lit,
however, the CO WD explosion primarily yields intermediatass elements that affect the
observables more subtly. In this case, near-infrared wagens and detailed spectroscopic
analysis would be needed to determine whether a core deinmmatcurred. We comment on
the implications of our results for understanding pecuistrophysical transients including
SN 2002bj, SN 2010X and SN 2005E.

Key words: hydrodynamics — radiative transfer — methods: numericaiharies: close —
supernovae: general — white dwarfs

1 INTRODUCTION to a secondary detonation of the core, either by directlytirgm
the CO fuel near to the interface with the overlying He laysae(
Type la supernovae (SNe la) are understood to result frorthére e.g/Nomotb 1983: Livne & Glasner 1990) or due to compresgion
monuclear Fjisruption of a carbon—-oxygen (CO) wh.ite dwarD()\N heating of the core by inward propagating shocks (se@u
star_(e._gLHlu_eQLan_dl_&_N@mg_)Jé_LZQOO). One possible masm 1990). The consequence of this “double-detonation” mosi¢hé
for igniting such an explosion can occur in binary systems in incineration of the CO WD and its He-rich outer layer, leagtn

which a primary CO WD accretes He-rich material from a donor 5 expiosion in which the primary star is completely desttby
star. When a sufficiently large surface He layer is accreteid,

expected to ignite explosively leading to detonation of #we However, the question of whether the secondary detona-
creted He layer (see elg. Nomoto 1980, 1982; Wooslevilet&0):19  tion forms is challenging owing to the wide range of rele-
4). Detonation of the He layer canthad le  vant length-scales that must be resolved if it is to be sim-
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ulated [(Seitenzahl etll. 2009a,b). To date only a few multi-
dimensional studies have been made of the double-detorsti
nario for a handful of progenitor models (Livne & Glasher (199
IDgani & Livid[1990; 1: Livne & Arnéit 1995;
Benz|1997| Garcia-Senz ef al. 1999; Forcadalet al. 2006:aHar
[2007;| Fink et all 2007, 2010). If the secondary core detonati
does not occur, the result of He ignition is quite differenanfi the
double-detonation SN la model — as describe eta
(2007) and_Shen & Bildsten (2009), explosive burning of an ac
creted He-layer alone will lead to a thermonuclear trarsiieat

is roughly ten times fainter and evolves significantly fagten

a SN la. Dubbed “point-la” (hereafter p-la), this class oplex
sion is readily accessible to observation by the currenegen
tion of transient surveys (e.g. the Panoramic Survey Tefgs&
Rapid Response System [Pan-STA@ESﬂ\e Palomar Transient
Factory [PTFE and planned wide-field surveys by instruments such
as SkyMappe 7] and the Large Synoptic 8yrv
Telescope| [LSST Science Collaboration 2009]). Indeedsteat
events with some similarities to the predicted propertiep-ta
explosions have already been reported and modelled in the co
text of the p-la scenario (e.g. Foley etlal. 2009; Perets R0410;
IPoznanski et al. 2010; Kasliwal et al. 2010; Waldman Et al120
[Sullivan et al[ 2011). It is to be expected that other siméhznts
will be found and studied in the near future.

In our previous studies (Fink etlal. 2010; Kromer €t al. 2010)
we investigated the double-detonation scenario for systesith
fairly massive CO coresMco > 0.81 M). Such cases are the
most promising for yielding thermonuclear explosions agttiras
normal SNe la. In those works, we focused on the possibifity o
core detonation triggered by converging shocks deep in tbe C
WD. We found that secondary core detonation was very likely i
all of the models we consideremﬂﬂom). This iepli
that the p-la scenario should not be realised following Her-
tion in such systems unless some additional effect comepiay
(see Sectiofi 611). We now wish to extend our 2D studies of the
double-detonation scenario to investigate systems wih teas-
sive CO cores (e.gMco 0.6 M) and quantify the observable
properties of double detonations for such systems. Cordpare
their more massive counterparts, these low-mass systeraswia
important differences. First, prior to any explosion, tkeeatcal den-
sity of the CO core will be lower. In principle, this might nek
it harder for the converging shocks to compress the cenfife su
ciently for a core detonation to occur. Previous 2D studiageh
already suggested that secondary detonations can be pobfuc
CO cores with masses as low as 0.55 KLivne & Arnett|1995).
Thus the first objective of our study is to extend our studiesven
lower mass, around the minimum CO core mass that is expezted t
be realized in nature (in the recent binary synthesis catliculs of
1, the lowest CO core mass-i3.45 Mg). Sec-
ond, even if a core detonation does occur, the low core densit
means it will produce littl€°Ni (see e.g. the lowest mass model of
Livne & Arnett|1995, which yields only 0.14 M of *°Ni). In the
limit of a very low *°Ni-yield in the core, the radioactive products
produced in the He-detonation may still play a dominant imoke-
termining the explosion brightness and light curve evolufias in
the p-la scenario). Our second goal, therefore, will be tantjty
the observable properties of explosions in which the corendges
but produces only a small mass0.15 M) of *°Ni.

L http://pan-starrs.ifa.hawaii.edu
2 http://www.astro.caltech.edu/ptf

We begin, in Sectiofi]2, by introducing the models adopted
for this study and the suite of numerical simulations usestudy
them. In Sectiorl]3 we describe our simulations in which we in-
vestigate shock convergence and detonation in low mass @83.co
We then present the results of alternative explosion sitiauis. (in
which either an edge-lit CO core detonation is assumed ohiolw
it is assumed that no core detonation occurs; see Sédtitm3gc-
tion[d we present the synthetic observables computed faruall
simulations before discussing our results and drawinglosians
in Sectior 6.

2 METHODS

For this study we have performed sets of 2D numerical simula-
tions that follow the explosion dynamics, nucleosynthesid ra-
diation transport of different explosions for two specifidial sys-
tems. Here we describe the parameters of the initial systards
the means by which the numerical simulations were performed

2.1 Initial models

As initial conditions for our explosion simulations, we @tlonod-

els describing the state of the system immediately prioraaleto-
nation. These are not based on evolutionary/accretionlegions
(cf.\Woosley & Weaver 1994; Woosley & Kasen 2011) but are ide-
alized representations of low-mass CO WDs that have acteete
surface layer of He. Thus, in this work, it is an assumptioat th
the system has evolved to reach conditions for He detonatisa
only determine whether subsequent detonation of the COisore
probable and quantify its observable consequences.

We have considered two sets of system parameters, which are
described below. Population synthesis calculations sigtat
He-rich accretion by CO WDs leading to helium shell detamati
most commonly occurs in binaries containing a CO WD primary
and a He WD donor (e.owever, that chan-
nel is not predicted to yield significant numbers of systenith w
very low CO mass £ 0.6 My). For the CO masses we consider
a non-degenerate He star companion is more probable (see figu
3 of [Ruiter et all 2011). The evolutionary path to a low-mags C
WD accreting from a He star involves one or more stable mass-
transfer episodes and at least one common envelope phasggglea
to atight binary & 1 hr orbital period). Compared to binaries with
He WD donors, systems that evolve to a final state involvingda C
WD and a He star donor are rarer and the evolutionary timegsal
usually relatively short€ 1 Gy; M@n. Nevertheless,
the He-star donor scenario is likely to be the most promisiuge
to the low CO mass explosions that we will discuss.

For our standard system (hereafter “S” model), we adopted a
CO core mass ofico = 0.58 Mg and a mass for the accreted
He layer of Mye = 0.21 Mg, yielding a total mass ofMix =
0.79 Mg . Here, My is close to the minimum mass for detonation
suggested by Bildsten etldl. (2007) and Shen & Bildsten (P9
our chosen value af/co. This model naturally extends the study of

. m) into the regime of physically plausible/dmass
systems that might be realised in systems where a primary ©O W
accretes from a He-burning star (see Sediioh 6.4). Its maase

3 Note, however, that the Ruiter et al. (2011) calculatiorsiased explo-
sions occurred once a 0.1dvayer of He builds up; the systems we discuss
here require additional He accretion beyond that point.



very similar to the least massive models considered in thdiest of
Woosley & Weaver(1994), Livne & Arnétt (1995) ahd Shen ét al.
(2010), and also to model CO.55HE.Z of Waldman ét al. (2011).

Table 1. Parameters defining the initial model.

Parameter Model S Model L
As a second case, we also considered an extremely low-mass
system. This model (hereafter model “L") is designed to stlyu Te (K) 5x10° 1 x 107
bracket the low-mass end of the distribution of potentiildahsys- pe (10° g cm=?) 8.5 . 3'818
tems. The adopted CO core madddo = 0.45 M) lies at the Tg ) 3 5 x 130 2; 1;2
lower boundary of the distribution in the population sysilkecal- pbj‘fjlo ag(;;n ) ) 01'58 6545
culations of Ruiter et al[ (2011). We have also adopted a hasvy Miza (Mg) 021 021
mass (/ne = 0.21 M) for the He layer when the explosion oc- Miot® (Mg) 0.79 0.66

curs. This is close to the most optimistic (i.e. lowest)rastie for
the mass of He needed for detonation, following the argusent
of[Shen & Bildstehl_(m% Moreover, the evolutionary models of
MWoosley & Kasen[(2011) imply that the conditions suggested b
Shen & Bildsten|(2009) lead to He layer masses that are génera
too small for detonation. Thus, our L-model likely lies adesthe
regime in which He detonation is probable. However, we idelit
as an important numerical experiment to test the limit oftbeable-
detonation model 4 He detonation in this system leads to CO
core detonation, then it can be concluded that our methoddwou
predict secondary detonation for any combination of CGeftte-
layer mass for which He detonation is realistic. Our L-masieim-
ilar to the lowest mass model considered by Waldmanlet aLi(p0
(CO.45HE.2).

The initial models are set up in exactly the same manner as

the models described by Fink ef dl. (2010) by choosing approp elled with a front tracking scheme using tabulated valueséth
ate values for the temperature and central density of the @® ¢ detonation speeds)) and energy release per unit masg) pe-
(T, pc), and the temperature and density at the base of the He layerhind the burning front (hereafter referred to as “detonmtables”).
(Tb, po). These parameters are listed in Tdble 1. Since it takes place entirely in a low-density incompletening
In our S-model we aimed at achieving a bright explosion regime, the He detonation nucleosynthesis is very seaditithe
and therefore assumed a cold shell (i.e. as dense as pofsible input parameters of the front-tracking scheme. The deimmaa-
a given mass). For degenerate matter, the exact valde ades bles were therefore determined for each model of this work by
not matter. Thus, we simply assumed a constant temperature applying the hydrodynamics/post-processing iteratidreste de-
5 x 10° K in the whole WD. Following Shen & Bildsten (2009) and  scribed in the appendix 6f Fink etlal. (2010). This time, hosve
\Waldman et &l..(2011), we adopted higher temperatures fot-ou  the setup in the calibration runs was identical to that oftiuelels,
model " = 1 x 107 K in the core andl’ = 2 x 10° K at the i.e., a detonation propagating laterally through the samdalfers.
base of the shell, decreasing adiabatically outwards)hétigem- To calibrate the He-detonation speed, the Rankine-Huggumiop

@ Note that the masses are not independent parameters lowt fodim 7¢,
pc, Th andpp and the assumption of hydrostatic equilibrium (see Fink.et a
2010).

All the simulations presented here were carried out in 2D wit
rotational symmetry about theaxis. As in Fink et al.[(2010), we
begin by igniting a detonation at a single point in the He faps
noted in Sectiof 2]1, that such a He detonation ignites isidafu
mental assumption of our simulations. In all cases, we ahoos
ignite the He detonation at the base of the He layer on theip®si
z-axis. In the absence of evolutionary calculations prioexplo-
sion, this is the simplest choice for He ignition but we nbiat it is
disfavourable for edge-lit secondary detonations (seti@e€.2).

As in[Fink et al. O), detonations in CO and He were mod-

peratures reduce the density, leading to less completénguamd
making it harder to trigger a secondary core detonationsTtiis
choice maintains the status of our L-model as a fairly exéréast
for the plausibility of secondary detonation by shock coasgion.

conditions for detonations were solved for the minimum fses
value of D, which corresponds to the flow velocitysn of the final
ash state being exactly sonic relative to the front. Thicgdore
was repeated for every point on the tabulated grid of densiky

_ F01r2 simplicliéy, the core is assumed to consist of uniformly yes. In the calculations we use the same equation of statetlas i
mixed ~“C and "0 (equal parts by mass) and the surface layer hydrodynamics code and the energy release from the preitious

is assumed to be pure He. FoIIowtOlO), thesiten
profile within the model is constructed by solving for hyded
equilibrium conditions with the adopted value o, pc, T and

eration step. This procedure leads to converged detonspieeds
after around six iteration steps. The final detonation &fde our
standard (“S”) model are illustrated in Figdide 1. It can bersthat

py Using the same equation of state adopted by Finkl€t al. (2007, complete He burning is never achieved for the densitieseptéa

2010).

2.2 Explosion simulations, nucleosynthesis and radiation
transport

In most respects, our simulations were performed in the saaye
as those described by Fink et al. (2010). Therefore, we wily o
summarise the main points and highlight the small numberaaf-m
ifications to the numerical implementation adopted.

4 From figure 5 0@09), a minimum He-layer snaf
~0.2 M@ (for Mco = 0.45 M) is required, if one adopts the condition
that the dynamical timescale is one tenth of the local hgaiinescale when
dynamical burning sets in.

the model and that this substantially reduces the detanapeed
at low densities, compared to the complete burning case.

Unlike in the models I10), we suppressed any
volume burning in the He layer before the arrival of the daton
tion wave. This provides a well-defined initial conditiontire He
layer (allowing the composition to change due to volume imgn
prior to detonation would not be self-consistent as we dosimt
ulate the evolution of the progenitor before the initiatafrthe He
detonation).

We performed detailed nucleosynthesis calculations fer th
explosion models using a tracer particle met.
@n. Here, tracer particles are passively advected irfnyleo-
dynamical simulation and used to record the thermodynaraic t

jectories of mass elements. These are then used as input to a

post-processing step in which detailed isotopic yieldsoftained



2.0 Table 2. Conditions at the hot spot in our converging shock double-
detonation modelsig, is the time at which critical conditions for ignition

of the CO core detonation are reached whilg,/ Rco is the position of
the hot spot (which lies on the-axis of the simulation) in units of the CO
core radiusTig, andpign are the temperature and density at the hot spot at
t = tign. A is the grid resolution.

complete burning

o

Dy (solid), Q4 (dashed)
o
e e e

Parameter Model S Model L
05 tign (S) 1.34 1.81
' Zign (108 cm) —139  —1.61
Zign/RCO 0.31 0.31
_ 7 (incomplete burning) Tign (10° K) 6.44 4.68
o0 R ‘ ‘ pign (107 gecm™3)  18.0 7.83
4 5 6 I¢]
10 107 10 A (105 cm) 371 4.94
pu (g em™)

Figure 1. Detonation speedIdo; units of 109 cm s~ 1) relative to un-
burnt matter (solid lines) an@)-values (energy release per unit mass in density and temperature reached in our simulation to atitem-
1018 ergs g-1; dashed lines) for our S-model. The red curves indicate the peratures and densities for detonation fiom Niemeyer & Wyos
final values obtained by our iterative calibration of thestat detonation. (1997) and_Bkae_e_t_hIL_(zd@)From this comparison (see Ta-
The black curves show the values expected for a Chapmanigbdgtona- ble[2), we find that critical conditions for CO core detonatare
tion if it were assumed that complete burningfNi occurs at all densities. robustly met in the simulation for both our initial systemm-act,
the peak temperatures and densities are very similar te thbs
models 1 and 2 10), implying that core detioma
from calculations with an extensive nucleosynthesis ngtw884 is not significantly harder to achieve in the systems we clamsi
species). We adopted an updated version of the REACLIBioEBCt  here, Given the extreme properties of our model L, we theeefo
rate library (Rauscher & Thielemann 2000, updated 2009)@nd  conclude that 2D converging shock simulations performett wr
refined method with variable tracer masses (Seitenzahl[2020) current approach will favour secondary core detonatiomsafty

was applied. Variable tracer masses allow for a better apaiso- physically plausible pair of CO core/He-layer mass. To gttids
lution at the edge of the CO core. further would require much higher resolution simulatiohattre-

The nucleosynthesis tracer particles are used to recahgtel solve the critical volumes for detonation.
detailed abundances throughout the ejecta. This gives aleten Since our simulations of the shock convergence suggesits tha
2D model for the structure of the ejecta at the final time of the 5 getonation in the CO core is likely, we initiate a seconddet
hydrodynamical simulations (i.e. density and composiéisrifunc- nation wave at the location of the hot spot in the CO core. This

the ARTIS code 2007; Kromer & Sim 2009) to compute syn-  energy to completely unbind the star. Hereafter, we wilkreb

thetic light curves and spectra for the models. For all titatave the results of these simulations as our converging-shociblde
transfer simulations we used our set of atomic data exuigooen detonation (CSDD) models (CSDD-S and CSDD-L for our two
CD23 ofi Kurucz & Bell (1995) (see Kromer & Sim 2009), but we  injtial systems, respectively).

expanded the range of ions includedite vii for elements with The mass yields obtained from the nucleosynthesis post-
atomic numbe@2 < Z < 28 to allow for higher ionization states  processing of the CSDD models are tabulated in Table 3. Euteej
that may be present at early times when the ejecta are hot. composition of model CSDD-S is illustrated in the top parals

Figure[2, which shows both the 2D distribution of mean atomic
number and the detailed composition for a slice through thme
torial plane of the model.

For our CSDD-S model, a significant mass of radioactive nu-
clei (specifically~0.08 M, of 5Ni and ®>Fe) is produced by the
Our first simulations are the most similar to those describgd detonation of the He layer. This yield of radioactive nucsesimi-

IFink et al. (2010) — they study the shock convergence anchpote lar to that found by Shen etlal. (2010) dnd Waldman efal. (p011

3 SECONDARY DETONATION BY CONVERGING
SHOCKS; CSDD MODELS

tial for formation of a secondary detonation via comprassibthe for models with comparable values pf, (specifically, our pat-
CO core in less-massive systems. We investigate this Socfloar  tern of radioactive yields lies between those_of Shenlét@l02
both our initial systems (S and L, see above). for detonations of 0.2 and 0.3 MHe-layers around 0.6 M CO

As in[Fink et al. [2010), we simulate the propagation of the cores). The decay of this material will power the early phase
He detonation as it wraps around the CO core. The He detona-the light curve and produce a transient that brightens hapdch
tion drives a shock front that propagates into the core rentth a timescale of several days, as predicted by Bildsten
strong compression around a convergence point. Althougbdh- (see Sectiohl5). In our model, however, the shock compressio
vergence point is off-centre in both models, itlessoff-centre than sufficient to yield an even larger mass BiNi (~0.1 M) from
in the models oIO). This is a continuation foé t
trend for ignition closer to centre in less massive cores {able 2
Of)' 5 Note that for the high densities reached in the shock coeveeyregion,
Our first question is whether this compression leads to @larg  the critical volume for initiation of a detonation is smatirapared to our
enough volume of sufficiently hot and dense material thatca se  grid resolution (see table 1 bf Fink ellal. 2007). Thereforly temperature
ondary CO detonation could ignite. To assess this we cordphes and density can be considered as detonation criteria ircésis.
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Figure 2. Composition of the explosion simulations for our S-modeSD-S, ELDD-S, HeD-S models, top to bottom). The left parstloew the mean
atomic number £) for each of the Lagrangian nucleosynthesis tracer pestiet their final positions at the end of the hydrodynamicaugitions (100 s
after ignition of the He detonation). The models are symimetnder rotation about the-axis. Most of the dense CO core material in the HeD-S modtiel (t
encircled dark blue region around the origin) remains bamtdlis not included in our radiative transfer simulationthefhomologous ejecta. The right panels
show the detailed composition for an equatorial slice tghoaur simulations extrapolated to the homologous phasebind material in the HeD-S model
is not included here). The black histograms show the totalsnansity (tot) versus expansion velocity. The contributions from vesiduportant isotopes
and elements are indicated by the coloured histograms m@at specifically, they showot X;, whereX; is the mass fraction of the species in question.

the core detonation. As in double-detonation models foremnaas-

sive CO WDs (e.d. Woosley & Wealler 1994; Livne & Arflett 1995;

by |Bildsten et al.|(2007), Shen & Bildsteh (2009) and Shenlet a

Fink et all 2007; Woosley & Kaskn 2011), thf#Niis concentrated

at low velocities and surrounded by an envelope of intermedi
ate mass elements, predominantly silicon and sulphur (spe F
ure[2). Since this centrally concentratétNi is enshrouded by a
much larger mass envelope than ti&li from the He-detonation,
the outwards diffusion time will be longer. Thus the lightneai

will evolve on longer timescales than for the p-la eventsljoted

(2010); see Sectidd 5.

Qualitatively similar results are found for our CSDD-L mbde
In this case?®Cr is the dominant radioactive product from burning
of the He layer. Also, the low density of the CO core meansttiet
56Ni mass produced in the core detonation is now smaller than th
mass of radioactive elements produced in the He-shell. ffexe
less, the coré®Ni mass is not negligible and affects the synthetic
observables, as will be discussed in Sedtion 5.
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Table 3. Masses of important elements and isotopes in the ejectaufocanverging-shock double-detonation (CSDD), edgeditlile-detonation (ELDD)
and He-only detonation (HeD) simulations for our stand&pdand low-mass (L) models. The upper part of the table lisiasses of material originating
in the outer He layer while the lower part refers to the prasla¢ the CO core. Only the unbound core material is includedhfe HeD models, having a total
mass of 0.041 and 0.029 difor models HeD-S and HeD-L, respectively.

CSDD-S ELDD-S HeD-S CSDD-L ELDD-L HeD-L
He-layer ejecta %°Ni(Mp) 6.5x 1072 7.2x1072 65x1072 28x1073 7.6x1073 28x 1073
composition 52Fe (Mp) 1.4x1072 12x1072 14x1072 94x1073 14x1072 94x10-3
BCr(Mp) 86x1073 7.7x1073 86x10"3 1.8x1072 19x10°2 1.8x1072
TiMg) 3.7x107% 33x1073 3.7x107% 1.1x1072 9.6x107% 1.1x1072
Ca (Mg) 88x 1073 82x107% 88x1073 27x1072 25x1072 27x10°?
S (Mg) 1.7x1073 25x1073 1.7x107% 6.0x107% 65x1073 6.0x 1073
Si (Mg) 1.5x1073% 6.0x107% 15x1073 19x1073 49x1073 1.8x1073
Mg(Mg)  7.4x107% 81x107% 74x107* 59x107* 1.3x1073 59x 104
0 (Mg) 1.0x 1073 14x107% 1.0x1073 69x10"* 14x1073 6.9x 10~
C (Mp) 1.9x107% 15x107% 1.8x107* 1.5x107% 94x107* 15x1073
He (Mg) 80x1072 73x1072 80x1072 12x107' 1.1x10"' 1.2x10°*
COcoreejecta °SNi(Mp) 1.5x 1071 56x1072 - 1.9%x1072 15x1077 -
composition 52Fe (Mp) 4.0x 1073 45x107% - 9.3x107% 45x107% -
BCr(Mp) 2.0x107% 44x107° - 58 x107° 57x107° -
TiMg) 6.8x107% 37x1076 — 28x107% 3.8x108% -
Ca (Mp) 11x1072 1.0x1072 32x1072 62x107% 1.7x107* -
S (Mp) 75x1072  1.0x 107! 23x107°5 54x1072 1.1x1072 35x1079
Si (Mg) 1.8x 1071 29x1071 61x107* 1.6x107" 12x107t 7.9x 107"
Mg (M) 28x1072 25x1072 1.6x1073 4.0x1072 7.6x1072 1.2x10°°
O (Mg) 93x1072 1.1x107' 20x1072 13x107' 23x10"!' 14x10°2
C (Mp) 1.6 x 1072 9.0x 1073 1.7x1072 22x1072 13x1072 1.4x10"2
He (Mg) 3.5x107% - - 1.9x107% - -

4 ADDITIONAL MODELS unbound as a result of kinetic energy transferred from theléte
onation to material of the CO core (see dlso Woosley!ét alé)L98
Therefore, some material from the core is still present indjecta
and dominates the composition at low velocities (see lovgdtr

panel of FiguréD).

For comparison of the results obtained with our CSDD modets,
have performed additional simulations to quantify the obegle
properties of alternative explosion mechanisms. These s&trup
and carried out in an identical manner except that the datmaf
the CO core was handled differently.

4.2 Edge-lit core detonation; ELDD

4.1 He detonation only; HeD models An alternative to the CSDD model is that the He detonation di-

rectly ignites an inward propagating detonation at the eafgbe
CO core. Whether such a detonation can be ignited depends on
many factors including the density at the edge of the CO core
(pb), the composition and the geometry. 1D simulations have sug
gested that it is most likely to happen if the ignition poist i
some way above the base of the He-shell (sed _e.g. Nobmotd 1982;
LLivne 1990] Berlz 1997; Garcia-Senz ef al. 1999). Edgeetiva-
tion has been found in some multi-dimensional simulatiang.(
Livne & Glasner 1991) although it may be harder when the 1D
symmetry is brokermmm).

Edge-lit CO detonation requires that densities of at least
10% g cm2 and critical temperatures of several billion Kelvin are
reached in the outer CO materOO?). Inithala-

tions for our S-model, we do find that some regions at the végg e

Although the simulations described in Sectidn 3 suggedtdbt
onation of the surrounding He layer will trigger a secondaeyo-
nation of the core, the difficulty in determining whether d@oifa-
tion is initiated must be recognized (e.g. Seitenzahl @G9b, see
also Sectiofi6]1). Therefore, as an experiment, we alsoneef
calculations in which itis assumed that no core detonaiogmited
(hereafter, our HeD models, which were carried out for bath®
and L initial systems). These models are an important coisgrar
point since they are the realisations oflthe Bildsten £R&07) p-la
explosion scenario that correspond to our CSDD models.

For these simulations, the He detonation was ignited exactl
as before and produces very similar nucleosynthetic yigldbe
He layer in the CSDD model (Tadlé 3). Since it is assumed that n
core detonation takes place, most of the underlying CO sareaf-

fected by the He detonation and remains tightly bolfdis bound
material is not included in our radiative transfer simwas, which
involve only the homologously expanding ejecta. Howevart pf
the CO core{0.041 M, for HeD-S and 0.029 M for HeD-L) is

6 We note, however, that even in this case the heating in thekstumver-
gence leads to burning a small fraction of the mas®tdi (~10~* Mg
for our S-model) and intermediate-mass elements)(~> Mg).

of the CO core are heated to temperatugeg x 10° K and that
densities in excess ab® g cm~? are reached in some places (par-
ticularly close to the He detonation convergence point @n-th-
axis). However, these hot/dense conditions appear in dmydful

of our nucleosynthesis tracer particles and it is therefoagginal
whether critical volumes for detonation are really reachddre-
over, since our models are not based on evolutionary caicnt
we cannot predict at what height in the He-layer ignitionhef tet-
onation is most likely to occur — we have simply chosen totgni
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our He detonations at the base of our He layers. Thus, our sim- ELDD-S light curve is predominantly powered by the radioasct

ulations are ill-suited to determine whether edge-lit datmn is nuclei produced in the He detonation; the small mas&®bii in

probable in our particular systems. the core of the ELDD-S model only becomes a noticeable energy
Nevertheless, we can investigate the observable conseegien source well after maximum light (at times greater tha20 days

if such an edge-lit detonation were to occur — to do this we per after explosion, the ELDD-S optical band light curves arsteym-

formed simulations in which a CO detonation was ignited bycha  atically brighter than those of the HeD-S model). Compaceithé

at the edge of the core immediately below the ignition pofrihe HeD-S model, the ELDD-S light curves reach peak slightly ear
He detonation. The two detonations were ignited simultasko lier (and are a few tenths of a magnitude brighter at peakjs Th
but modelled independently. We will refer to the results tedse follows from the different velocity distribution of the pdacts of
simulation as our edge-lit double-detonation models (EL®Bnd He burning in these models. In the ELDD-S model, the He-layer

ELDD-L, for our two initial systems, respectively). The ionpant ashes have all been pushed out to relatively high velocityhby
difference from the CSDD models is that there is no stronglsho  underlying core material (see Figlile 2). Consequentlyptieard

convergence in the core prior to ignition of the CO detomatithis column density from the surface layer ¥iNi and ®?Fe is smaller
means that the densities in the core remain close to th&alival- in the ELDD-S model, leading to earlierray escape and down-
ues, which are too low to lead to significatfiNi production in turn of theUVOIRIight curves. This effect, however, is relatively
the core. Thus, although sufficient energy is released tondrthe modest in scale: overall the optical band ELDD-S light ceraee

core, the core is primarily burned to intermediate mass efes not very different from those of the HeD-S model. Similar clor
(see Tabl€l3 and Figulé 2). In addition, these models haygktlsii sions can be drawn by comparing the HeD-L and ELDD-L optical
more complete burning of the He shell material, a consequefc band light curves in Figuid 4.
additional heating of the burning region just behind the ®da- An important difference between ELDD and HeD light curves
tion by oblique shocks generated from the CO detonation. manifests in the near-infrared (e.g. thleband for our S-model
shown in FigurdB). In the near-infrared, a significant fi@ctof
the emission in both the CSDD and ELDD models is provided
5 SYNTHETIC OBSERVABLES by the intermediate-mass elements in the relatively codldense
ejecta from the CO core, particularly around maximum ligitthe
CSDD-S and ELDD-S simulations. This emission from the cere i
Figures[B andJ4 show synthetic bolometric (ultravioletiaat powered by a combination of energy injected by the radivactia-
infrared; hereaftetVOIR), optical- and infrared-band light curves  terialinthe core ejecta (significant for the CSDD-S modet) ara-
computed for the three explosion mechanisms (CSDD, ELDD, diation by the overlying He-shell ejecta — around maximugint

5.1 Light curve morphology

HeD) for our two model systems (S and L, respectively). Hewee, re-radiation of energy originating from the He-detonatash is
show the angle-average synthetic light curves — the deperdef the dominant source of NIR emission for the ELDD-S simulatio
the light curve properties on observer inclination will isotissed ~ Since only a very small mass of material was unbound from the
briefly in Sectioii5.B. CO core in our HeD models, these processes are largely albsent
It is apparent from Figurigl 3 that the CSDD scenario leads to a the HeD models, making them fainter at these wavelepgiftsus,
very different transient from a p-la model (i.e. the HeD mipétar near-infrared data could be particularly valuable whentingrfor

our S-model. In agreement with the calculations for p-la eied ~ direct observable signatures of the core detonation.
by I.O), our HeD-S bolometric light curve reach

peak around 8 days after explosion and then decays fairlglyap

dropping by~1 mag during a two-week period after maximum. In 5.2 Colours and spectra

contrast, the CSDD-S model takes several days longer th pesak
and remains bright for an extended period — significant betoim
decline does not commence urtil30 days after explosion. The
luminosity of the CSDD-S model is always higher than the HeD-
S model. Similar conclusions are drawn from our low-massehod
(compare CSDD-L and HeD-L in Figué 4). Here the scale of the
effect is less extreme but the slower light curve evolutiorstill

very_la_lrp])paredr!;fm the optlcalgoandz. d Sdiof of the redder optical colours is complex but qualitativetyitar to
ese dilierences can be understood as conseque 0 the colour evolution found in the double-detonation modailslied

rich material produced in the core detonation (see TablB&yay bylKromer et al.[(2010). In particular, our CSDD-S model tigp

of *’Ni in the core produces a comparable amount of energy to that similar colour evolution to the Iowes:t mass models in figuref 3
supplied by decay of radioactjve nuclei in the outer layeHef _0)_ The ELDD-S and HeD-S models also show
burning products. Moreover, tRéNi in the core is deep inside the evolution to redder colours immediately after maximum fighis
ejecta meaning that this energy takes longer to diffuse anwnd is both faster and more pronounced than in the CSDD-S model an

7-fay trapping is more effective for a longer period of timéisr both models show extremely ré&d — I colours within two weeks
causes the slow light curve evolution. The scale of theszeffis

large and easily observable, corresponding to differeimcescess
of a magnitude in most bands at post-maximum epochs for our S- ; Although the remnant CO WD will remain in the centre of thecigeit

model. . L . isexpected to be too small to intercept a significant fractibthe radiation
The influence of the core material in the ELDD models is created in the rapidly expanding He detonation ash. Thexefio contrast

considerably more subtle. Erom _about 8 days after explo$hm. to the core ejecta in the CSDD and ELDD models, the WD is noéebeal
ELDD-S bolometric and optical light curves are much more-sim to provide an effective target for re-radiating a significémaction of the
ilar to the HeD-S than CSDD-S light curves. This is becauge th emission around maximum light.

Maximum light colours only weakly discriminate between our
models. In all cases? — V',V — RandV — I are positive around
maximum light (see Figufd 5 for our S-model results) ancediffy

at most a few tenths of a magnitude between the explosiorascen

After maximum light, theB — V" colour rapidly becomes more
positive because of the declineffband for all models. Evolution
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As in thelKromer et &l. (2010) calculations, the red colours

in our models are a consequence of effective line-blockirigee
wavelengths by iron group elements in the outer ejecta. fticpa

of maximum light, a consequence of strong cooling emissipn b
the Caul infrared triplet contributing to thé-band.

8 Some caution must be applied to the interpretation of oudiptien of
very powerful Cail emission at~30 days after explosion in the ELDD
and HeD models — by these epochs the ejecta are sufficiemdte dhat
forbidden line emission may contribute significantly to tlxee cool-

ing. Such emission is neglected in the current implemertatif ARTIS
(Kromer & Sim[2009) meaning that the calculations may owérese the

strength of Cal emission at late epochs.
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lar, the He detonation in all models yielded significant neass Ti
and Cr that, along with Ca, strongly influence the spectruhnis i&
illustrated in Figurél, which shows the spectra of the He&R8
HeD-L models at 8 days after explosion (the result is veryi-sim
lar for our other models). The colour coding in the figure tadés
which elements were responsible for the last physical actésns
of escaping Monte Carlo quanta in our radiative transferugm
tions, making clear the dominance of elements with- 20 to 24
(Cato Cr) in shaping the emergent spectrum.

Figure[T compares the spectra for our explosion scenarios at

two epochs, 8 and 20 days after explosion. At the earlier lepoc
(around peak brightness for the ELDD and HeD models), the-spe
tra are all quite similar with strong absorption in the Can-
frared triplet and Til lines (e.g. the characteristic trough around
4200,&). There are some subtle differences, however — for exam-
ple, the ELDD calculations (for both S- and L-models) tyfiica
show higher velocity line features than the HeD simulatjenson-
sequence of the He-layer ejecta having been pushed to higher
locity by the CO detonation in the ELDD model. In general, our
spectra are qualitatively similar to the maximum light speecor
the low-mass models MblO) but with a notibea
reduction in the role played by silicon and sulphur.

By 20 days, the differences between the models are more ap
parent in the spectra. In particular, the CSDD-S model tsetpn
show additional, relatively narrow line features (e.gwaesn 5600
and 5900&) —these are formed in the slowly expanding ejecta from
the CO core detonation. In contrast, the ELDD-S and HeD-8-spe
tra remain dominated by broad line features that form in ttero
ejecta. In addition, the ELDD-S (and ELDD-L) spectra nhowyver
clearly show higher velocity features than the correspugéieD
models.

5.3 Observer inclination

As discussed blO), single-spot ignitionkd He
layer leads to a global asymmetry in the explosion that inftes
the ejecta from both the He layer and the core (see Figuren2). |
particular, the He-layer detonation ash tends to sweemdrthe
CO material (in the same sense as the laterally propagatmet
onation), leading to a more geometrically extended layeHef
burning products around the pole opposite to the He ignjtiaint.
This asymmetry affects the light curves and spectra, pdatily at
blue wavelengths (see elg. Kromer et al. 2010). Figilire 8titttes
this for our CSDD-S, ELDD-S and HeD-S models in tH¥OIR,
B-, V- andJ-band light curves. Th&JVOIR curves are sensitive
to observer inclination by several tenths of a magnituddenthie

bluer optical bandsR- andV -band) are affected more strongly (up
to +0.5 mag variation around the angle-averagediband). As
in the simulations discussed by Kromer et al. (2010), theuwrs|
are bluest and the light curves decline most rapidly wheweie
from the side on which the He detonation was ignited (i.emfro
the +z-direction). At red wavelengths, observer inclinationdsd
important and becomes negligible in the near-infrared (@eest
panels in Figurgl8), in accordance with the findin

(2010).

The influence of observer orientation is more complex in the
CSDD-S model than the HeD-S and ELDD-S models. In that case,
maximum light in bothB- and V-band occurs significantly later
(and is brighter inV”) when viewed from the-z-direction. The
broad light curve peaks in these models are sustained bgtiaali
diffusing out from the®®Ni-rich inner parts of the ejecta (the CO
ash). Since the CO detonation is off-centre (displaced dbes -
direction; see Figuilg 2 and Takle 2), more of this radiatineges
in the —z-direction, leading to brighter extended optical emission
when viewed from this direction (07).

In the L-model simulations, the burning of the He-layer & si
nificantly more complete in the ash around the-axis than in
other directions (thé®Ni mass fraction is small in most regions
-of the the He-layer ash but it becomes significant around-the

axis because of the enhanced burning in the region where ¢he H
detonation converﬁ}; Nevertheless, the effect of orientation on
the L-model light curves is qualitatively similar to thaufed in the
S-model and the scale of variation is comparable (ux@b mag

in the blue bands and negligible in the near-infrared).

Overall, the influence of observer inclination is modest eom
pared to the difference in light curve morphology betweea th
CSDD and ELDD/HeD models. In particular, by20 days after
explosion, the light curves are fairly orientation-indegent in all
bands. Thus, observer orientation should not severelyehiolser-
vational discrimination between the CSDD and ELDD/HeD sce-
narios. However, it does affect the light curve shapes omma si
ilar scale to the difference between the ELDD and HeD models
and therefore will complicate attempts to distinguish éheecha-
nisms.

9 Due to reduction of surface area, the detonation shockgttrens and
the detonation becomes over-driven around the convergeoiceé
). This affects the yields since the densities are jelstvbthe critical
densities at whicR®Ni is produced in a detonation.
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6 DISCUSSION AND CONCLUSIONS

6.1 Core detonation

In previous work, we have studied the double-detonationehap-

distribution of photon wavelengthstteacaping packets haatior to their
each atomic numba (

potentially opening an alternative parameter-space folalyler ex-
plosions.

6.2 Observable signatures of core detonation

plied to sub-Chandrasekhar mass CO white dwarfs with massespor Jarge CO core masses>(0.9 M), the double-detonation

~1 Mg: this scenario predicts transients with a range of bright-
ness compatible with SNe la (e.g. Hoflich & KhokHlov_1996;
Nugent et all 1997: Kromer etlal. 2010; Woosley & Kasen 2011)
and appears to be a robust explosion mecharnet
11995] Fink et all. 2010).

Here we have investigated the plausibility of double-
detonation models for systems with relatively low CO coressna
and high He-layer mass, following the methodology of Finkléet
). We concluded that, if detonation of the He layer ogcu
the resulting compression and heating of the CO core by idiyar
propagating shocks can produce sufficiently high densitielsem-
peratures that core detonation may occur, even for corean@ss
low as 0.45 M,. Together with previous result ett
[1995; Fink et all. 2010) this suggests that detonation of aresed
He layer (as in the p-la scenarioOO?) adnd
accompanied by explosion of the underlying core for all C@co
masses that are commonly realized in nature.

Although our results suggest that core detonation is priebab
in all cases, they do not prove that it must always occur. Ker e
ample, strong rotation might inhibit the shock convergerdeer-
natively, the converging shocks might heat the materialzdahe
putative detonation point sufficiently that burning occprior to
ignition of a detonation. Depending on the geometry, thighmi
mean that the CO hot spot is completely enshrouded in nuatdar
starving the detonation of fuel such that it is not able toppigate
and incinerate the whole star. To investigate these pdisisibiin
the future will require high-resolution, three-dimensibhydrody-
namical/nucleosynthesis simulations. It will also be imipot to
study the double-detonation mechanism for systems with @Re
cores — in this case it will be harder to ignite a core detamati

model predicts light curves that are primarily powered lgy/ltrge
mass of°®Ni synthesised in the core detonation. Therefore these
events will look very different from predictions of the p-tae-
nario for explosion of the corresponding He layer withowet tiore
detonation. For lower mass CO cores, however tiNd mass pro-
duced in the core explosion is reduced such that some pattitie
light curves will be predominantly powered by the radioaetnu-

clei formed in the burning of the He layer, as in the p-la modiel
study this, we performed radiative transfer simulatiomgtioee ex-
plosion scenarios: He detonation followed by core detoneattiig-
gered following shock convergence (CSDD models), He detona
tion followed by prompt edge-lit core detonation (ELDD misje
and He detonation with no core detonation (HeD models). We in
vestigated these explosion scenarios for two initial magstems
(Mco = 0.58 and0.45 M, together with He layers di.21 Mg).

We found that the CSDD models can be easily distinguished
from the ELDD and HeD models by their light curve morpholagie
compression of the core prior to detonation means that tHeBCS
model yields relatively large masses’6Ni from the core (for both
our initial systems, the mass &fNi produced in the core is com-
parable to the total mass of radioactive nuclei producediinibg
of the He layer). This centrdfNi causes the light curves to fade
more slowly than in the other models. Consequently, thisate
can be easily distinguished observationally from an exptosf a
He surface layer alone.

In contrast, our ELDD models show that if core detonation
is ignited without significant pre-compression, its influeron the
observables is much more subtle for the Id¥¢o systems we con-
sider. The modest differences between the synthetic chislkes/for
our ELDD and HeD models can mostly be attributed to the differ
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Figure 7. Optical spectra for our S- and L-models (top and bottom, @etgely; CSDD in black, ELDD in red and HeD in blue) at 8 and &ys after
explosion (left and right panels, respectively). The flualsds normalised to the peak of the CSDD model in all panels.

ing structure of the ejecta layers produced in the He demmain even with shock compression only a small fraction of the ¢sre
particular, explosion of the core in the ELDD model clearstbe burned to®®Ni. For even more massive systengi = 0.9 M), a
He detonation products from the inner ejecta leading td kghves large fraction of the CO fuel will be at sufficiently high déies to

that evolve a little more rapidly and spectroscopic featdhat are produce®®Ni regardlessof shock compression (see e.g. table 1 of
broader and more blue-shifted. Thus rapidly evolving therm ISim et al[ 2010). Double detonations of such systems witktioee
clear transients can be produced by edge-lit double-détonaf always produce significant masses ®ii from the core, meaning
low-mass systems. Distinguishing them from pure He-laytod that the differences between the ELDD and CSDD scenariagého
nations could best be done via the evolution of spectraldirapes be relatively small for massive systems. Thus the best dppity
and infrared photometry (see Sectidn 5). to observationally distinguish between the ELDD and CSDRme
anisms will be in systems where the pre-explosion densitigise
core are close to but below the critical densities at whftKi is
produced in a detonation.

It is noteworthy that the difference between our CSDD and
ELDD models is stronger for our more massive initial system
(Mot = 0.79 M) than our extremely low-mass systefig; =
0.66 M). In both cases, the pre-explosion CO densities are too low
to yield large®°Ni-masses in a prompt detonation. However, for
our more massive system, the compression by convergingshoc
is able to raise the density sufficiently to produédli in a fairly The goal of this study has been to investigate whether secpnd
substantial fraction of the core (our CSDD-S model) — thalte core detonation is likely for low mass CO cores and to prettiet
to the differences in shape between our CSDD-S and ELDD-S influence of CO core detonation on synthetic observableshaVe
light curves. For the low-mass system, the same effect eduuir not yet conducted an exploration of parameter space asreequi
is less dramatic because the initial CO densities are soliav t to attempt a quantitative comparison with observations. cafe

6.3 Relation to known transients
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Figure 8. Light curves for selected observer inclinations to our CS®IELDD-S and HeD-S explosion models (left to right, respety) in UVOIR, B-,
V- andJ-bands. In each panel three light curves are shown for difteobserver orientations: viewed down the equator (bjdodin the+z-direction (blue)
and the—z-direction (red). In all models the He ignition spot was oa {hz-axis and the angle-averaged light curves (see Figure 3)eayesimilar to those
for an equatorial line of sight.



however, comment qualitatively on the relation of our setithob-
servables to the properties of known astrophysical tratsid-or
reference, we tabulate important light curve shape paennétise
times and decline timescales) for our simulations in Table 4
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@). These events are considerably brighter than SN 2005E
for example| Kasliwal et all (20110) estimaié, ~ —17 mag for

SN 2010X while SN 2002bj is around 1.5 mag brighter. Morepver
the light curves of these events have a very rapid post-manxinfe-

[Perets et all (2010) proposed that the Type b event SN 2005E cline (for example AM{% ~ 3.2 mag for SN 2002bj; Perets et al

could be attributed to an explosion of an accreted He-layea o
WD. Its peak brightness suggests that only a few thousarmdths
solar mass of°Ni, >>Fe and'®Cr were produced, if such a model
is applicable. A p-la like explosion was also discussed agpossi-
bility to explain SN ZOOShAMMOQ); this evenswesen
fainter than SN 2005E and spectroscopically differentwéhg low
expansion velocities and no evidence of He. In both cases\er,
the rise time was estimated to € 10 days and the light curve
decline parameter waA M ~ 2 mag. These rapid timescales
clearly invite proper comparison with models for He-laygple-

M) The rapid post-maximum decline of this class of dhfeio-
consistent with our CSDD simulations, particularly for cuighter
S-model. However, it may be compatible with the rapid dexlin
in our ELDD (or HeD) models (see Tadlé 4). Therefore focused
modelling may be warranted to properly investigate whefiddD
models could be applicable to this class of transients.

6.4 Future work

There remain many open questions to be addressed. Most-impor

sions.| Waldman et al| (2011) attempted to model SN 2005E in tant, perhaps, is detailed study of burning of the He layke fe

the context of the p-la scenario. They investigated a modl w
Mco = 0.45 Mg and Mue = 0.2 Mg, (their CO.45HE.2 model)

burning products play a critical role in determining the etva-
tional properties of double-detonation explosion modeistheir

and found that such a model might be able to account for the yields are sensitive to many issues including the exactitienand
peak brightness of SN 2005E. However, they also found titat, a composition of the He layef (Shen & Bildsten 2009; Kromerlét a

though significantly faster than normal SNe la, the declate of

[2010] Woosley & Kasen 20f111; Waldman et al. 2011), the dioecti

SN 2005E was slower than could be easily explained with a p-la in which the detonation propagates (radial or azimuthaik it al.

model.

[2010;Woosley & Kaséh 2011) and the structure of the detonati

SN 2005E |(Perets etlal. 2010) was significantly fainter front. For examplé, Kromer et’l. (2010) and Waldman kbt 81113

(Mgo. > —15 mag at peak) than our models. Although the param- both showed how introducing C to the He-layer prior to bugrian

eters of our L-system are very similar to the Waldman bt @112
CO.45HE.2 simulation, our explosions are significantlygbtér.
The large difference in brightness stems from the fact thaitis
the most abundant radioactive nucleus produced in the G{E45
simulation while our HeD-L model predict§Cr to be dominant.
Although only a modest shift in the mean nucleosynthetiddgie
this strongly affects the brightness since the half-life*&Ti is
much longer than that df Cr. Modification of our nucleosynthesis
to produce less complete burning (i.e. a lower mas$ 6f) could
be achieved by reducing the density of the He layer, althohighs
likely unphysical(Shen & Bildstén 2009; Woosley & Kasen 21
Alternatively, significantly polluting the He layer with &éavier el-
ement such as carbon will alter the nucleosynth
[2010;/Waldman et al. 20f11). For a sufficiently large initizhsa
fraction, adding carbon reduces the typical atomic weidhhe
burning products and leads to more intermediate-mass atsme
rather than iron-group material. Reduced yields of radieadron-
group elements would make our models fainter and alter tee-sp
tral features. We have not investigated such possibilitezs. Nev-
ertheless, our simulations have relevance to the study GRISE
and similar faint and fast transients, potentially inchglie.g.
SN 2008ha — in particular, they show that if a He layer detonat
in a low-mass system is followed by a core detonation trigder
by converging shocks, the core material can significantgrdethe
post-maximum decline of the light curves. For example, inmu
la-like HeD-L model, theB-band decline during the 15 day period
after maximum light isAM{; = 3.4 mag while for our CSDD-L
model, AME = 2.5 mag (the scale of this effect is even more
dramatic in our S-model simulations; see TdBle 4). Thusytaré
studies, it will be important to consider whether CSDD exjos
of low-mass systems might be able to account for faint theumo
clear transients whose light curves decline more slowly ttem be
explained by p-la models.

alter the final composition — for double detonation of modkikh
massive CO cores, this dramatically affects the colourscandead
to much improved agreement with observed SNe la spectra.

In addition, we have shown that the observational conse-
quences of core detonation in low-mass CO cores are quite dif
ferent if the core detonation is edge-lit rather than triggeby
shock compression. Although the triggering of the secondato-
nation in our CSDD models is based on previous studies oféhe n
essary conditions for CO detonation (Niemeyer & Wodsley7t99
[Ropke et dl. 2007), we have not investigated the physicaisbil-
ity of edge-lit detonation. Further study of this is cleaslgrranted.
This is of primary interest for models with low CO core masses
(e.g. the S-model studied here rather than thoSe of FinK[20aDh
andIO) since the difference between the CSDD
and ELDD mechanisms will be largest in this case (see SeBjion
However, it does have some relevance to the study of moreveass
cores since the position of an off-centre ignition imprigitginctive
signatures on the explosion ejecta (Chamulak let al.[2011).

It will also be important to quantify the relative frequenafy
bright (i.e. SNe la-like luminosity) and fainter (i.e. plike lu-
minosity) explosions as a check on the plausibility of thelde-
detonation scenario contributing to both populations. ddre/He-
layer mass combinations used in this study are close to the lo
mass extreme for which potential progenitor systems carebe r
alised in nature. For low core masses, the minimum mass of ac-
creted He required for detonation becomes Iae
). As noted blO), systems with massive He
layers (2 0.1 M) are not expected to be reached via the evolution
of systems in which a CO WD accretes from a He WD donor. Our
models, however, might be realised in systems where therdsno
a He-burning starl (Ilben & Tutukov 1991; Shen & Bildsten 2009)
When investigating potential progenitors for SNe|la, Ruteal.
-) found that the population of potential double-datmm

It has also been suggested that p-la explosions may ac-systems with He-burning star donors is sub-dominant bufpcan

count for a class of very rapidly evolving thermonuclear lexp
sions that includes SN 2002Hz'| (Poznanski ét al. lZOlO), SNR01

vide a significant event rate in young stellar populatiofisext-
tended to less massive CO cores, such population synthesis s

(Kasliwal et al.[ 201l0), SN 1939B and SN 1885A (Peretsetal. ies could estimate the relative occurrence of progenitorsttfe
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Table 4. Light curve rise times and decline rate parameters for theeisolyyvoir max @ndt g, max are the times after explosion to maximum lightuvOIR
and B-band, respectivelyA MYOR and AME parametrize the light curve decline rateUvOIR and B-band light (specifically, they give the increase in

magnitude during the 15 days after maximum light in the appate light curve).

Parameter CSDD-S ELDD-S HeD-S CSDD-L ELDD-L  HeD-L
tuvoIr max (days) 12 7.1 8.7 11 7.6 9.9
AMPYOR (mag) 0.4 1.8 1.8 1.3 2.0 1.9

t5, max (days) 8.1 6.0 7.7 5.4 5.2 6.4
AME (mag) 1.2 3.2 3.1 2.5 4.0 3.4

double-detonation scenario leading to both bright andéaither-
monuclear transients, a prediction that can be tested byuitient
and future generations of wide-field transient surveys.
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