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1. Introduction

Supernovae are characterized by a sudden rise of their luminosity, t®e@a decline after
maximum light that lasts several weeks, followed by an exponential declatecdm last several
years. The total electromagnetic output, obtained from the light curve,1i€* erg, while the
luminosity at maximum can be as high as10' L. The kinetic energy of supernovae can be
estimated from the expansion velocity of the ejegg; ~ 5,000— 10,000 km/s, and turns out to
be ~ 10°! erg. Such amount of energy can only be obtained in two ways, from thétational
collapse of an electron degenerate core to form a neutron star or a-htdel{1] or from the
thermonuclear incineration of a carbon—oxygen degenerate core [2].

In both cases, the presence of a relativistic degenerate stellar coreeissagy. This is a
consequence of the fact that such cores are only weakly boundaandtdhave a definite length
scale, which means that the injection or the removal of relatively small amofiateayy causes
large variations of the radius of the star. Stellar degenerate cores maytteaiollowing different
main compositions: helium, carbon plus oxygen, oxygen, nheon and magnesid iron. Their
thermonuclear explosion or gravitational collapse within different enwiremts can produce very
different astronomical phenomena. He-cores always explode ecdihe extreme flammability
of the fuel. CO cores can explode or collapse depending on the ignitiGitgland on the velocity
of the burning front [3]. If the density is larger than5.5 x 10° g/cn? and the flame is laminar
they can collapse to a neutron star [4]. ONe cores ignite at such densdidlei collapse [5] and
Fe cores always collapse because of their inability to release nuclegyene

From the spectroscopic point of view, Type la supernovae are cfeazed by the absence
of hydrogen and the presence of a prominent Si Il line at maximum light ¢intfese are the
characteristics that define the class). From the photometric point view xipeyience a sudden
rise to maximum of light< Mg >~ —19M39 in 20 days or less, followed by a sudden decline of
~ 3M39n 30 days and an exponential tail with a characteristic ttm@0 days. From the point
of view of the galaxies hosting supernovae, it was immediately realized thiat &iur in all
galaxy types in contrast with all the other supernova types that only ajgpgalaxies with recent
star formation activity. It is interesting to notice here that the SNla rate lebegewith the star
formation rate [6], indicating that the progenitors must be able to produmapirand delayed
explosions. All these arguments immediately led to the conclusion that SNlacaased by
the thermonuclear explosion of a CO white dwarf near the Chandraseidsarin a close binary
system, an idea that was strongly supported by the spectrophotometric érositgglisplayed by
this kind of supernovae [7, 8].

Despite their remarkable homogeneity, when observed in detail some dfésr@appear. On
one hand there is a group with very bright and very broad peak th#tiexke Il lines before
the maximum. The prototype is SN1991T and represent 9% of all the eventthether hand
there is a group with very dim and narrow peaks that lack of the chaistatesecondary peak
in the infrared. The prototype is SN1991bg and they represent the 218 the events. To
these categories it has been recently added a new one that contaipgeeligr supernovae. The
prototype is SN2002cx and they represent the 4% of the total. Thesmeupe are characterized
by a high ionization spectral features in the premaximum, like the 91T clasyyaadrery low
luminosity and the lack of secondary maximum, like the 91bg class. The remaiméisgthe 66%,
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have a normal behavior and are knownBranch—-normal However, even the normal ones are
not completely homogeneous and show different luminosities at maximum andligles with
different decline rates?].

The spectroscopic observations at different epochs allow to obtain egtapity of super-
novae. At maximum light, the spectrum is characterized by the lines of intertaedéss elements
that move at high velocities (» 8,000—-30,000 km/s) indicating that thermonuclear burning was
not complete in the outer layers [8]. On the contrary, during the nebuksepthe spectrum is
dominated by iron peak elements [9]. This fact together with the decredbke obbalt lines [10]
gave support to the idea that the tail is powered by the disintegrat®Cof[11, 12]. These obser-
vations indicated that, in order to avoid the total incineration of the outer latyer$urning front
should propagate subsonically as a deflagration, while detonations $i®litdited to layers with
densities smaller thar 107 g/cn?®. Consequently, several models combining subsonic and super-
sonic burning fronts have appeared in the literature. The basic oneguseedeflagration [13] in
which the front propagates subsonically all time; delayed detonationifidhich the front starts
subsonically and turns out into a detonation when the flame reaches a détitsaty,oc ~ 2 x 10°
to 5x 10’ g/cn?; pulsating delayed detonation [15] in which the flame starts subsonicallytathe s
expands, contracts and detonates. Finally, a different category basthe detonation of a CO
white dwarf with a mass smaller than the Chandrasekhar’s mass induced tgttmation of a
freshly accreted He layer. With the increase of the computation powergeakh timodels have been
generalized to three dimensior§.[ The main difference with the one dimensional models is that
the number of parameters describing the initial conditions increases ndyickabne dimension
the initial parameters are the radius at which the runaway starts and thertspf the white
dwarf. In three dimensions it is also necessary to include the number asiz&hgosition and
velocity distribution of the spots that will induce the ignition of the star. Since theame of the
explosions strongly depends on the initial conditions described by thesaeters, it is necessary
to carefully compute the evolution of the white dwarf prior the explosion.

Despite the substantial advances of the last years, basic questionsilkesystems explode,
why they explode and how they explode have not been satisfactorilyeaedwet. Since the prob-
lem of the explosion itself is analyzed in detail by F. R6pke in this volume, we will imitelves
to the questions of which are the progenitors and which is the origin of the-widfttinosity rela-
tionship.

2. Progenitors

There is a wide consensus that the progenitors have to be composed @yw&ite dwarf
plus a close enough companion able to provide the mass necessary to ttniggleermonuclear
instability, and several evolutionary paths leading to the instability have beaetifidd [16]. The
systems able to explode can be classified according to the nature of the{idamoal or degenerate
stars, also known as SD or single degenerate secnarios and DD ¢e& degknerate scenarios) and
the composition of the accreted matter (hydrogen, helium or a mixture ofrcarimboxygen).

The first systems identified as potential supernova progenitor were fihiwsed by a white
dwarf that accretes hydrogen [17]. There are many of them: cataclysmables, classical novae,
recurrent novae, symbiotic stars and supersoft X—ray sources.
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If the accretion rate is smaller than10-8, 10-° M /yr, the accreted matter becomes degen-
erate and experiences a strong flash that can be identified with a nowevetp such events not
only expel all the accreted mass but also erode the white dwarf prevenfignitreaching the
critical mass. The accreted mass can only be retainklyif > 1.35 M, but white dwarfs with
such initial masses are made of oxygen and neon and cannot explo&Néa. al hus, only white
dwarfs that have experienced a previous accretion episode camtrea€handrasekhar’s mass
at such rates. For intermediate rates 46 My (M /yr) < 5x 10~7 hydrogen burns steadily or
through mild flashes producing helium that accumulates. If the accretiomsraigh enough, the
freshly formed helium is converted into carbon and oxygen through flastkes or steady burning
and the white dwarf can approach to the Chandrasekhar mass. Butdiietian rate is roughly in
the range 10° < My (M, /yr) < 5x 10~8, the helium layer explodes under degenerate conditions
and can trigger the explosion of all the star [18].

One of the problems posed by the SD scenario is that to avoid the constragdchpy
novae, the accretion rates have initially to proceed at a high rate and this mbke dwarfs hot
and potentially detectable as X-ray sources. If it is assumed that all Nia from supersoft X—
ray sources, the number necessary to sustain the estimated rate obsapemM31 or the Milky
Way is ~ 10° while current surveys have only detectedlO— 107 [19]. In the case of elliptical
galaxies the problem seems worst. At the first glance it seems that this argiavers the DD
scenario but, to become a DD the system must evolve through two commonpngthges and
this means that they will appear for some time10° yr, as symbiotic stars with a white dwarf
burning hydrogen at the surface. It is therefore clear that the probés on the observational
properties of these high rate accreting sources [20].

A possible way out of this problem could consist on the formation of heamgis\able to hide
the nuclear burning white dwarf, as well as to consider variable accreties able to produce suc-
cessively symbiotic stars, supersoft X—ray sources and, when tite evbarf is massive enough,
recurrent novae. In any case, plausible evolutionary paths hameadganced [21]. Minor possible
objections could come from the non detection of the hydrogen strippedtfrecompanion by the
explosion and the non—detection of the surviving star in the case oftregemts in the Milky Way
[22, 23]

Close enough binaries formed by two intermediate mass stars can expéwerggsodes of
common envelope evolution and form a double degenerate system made@Qwehite dwarfs.
The emission of gravitational waves induces a further reduction of theaord if the separation of
both white dwarfs is not too large they eventually merge in less than a Hubble2in2%]. The
main advantages of the DD scenario are that there are several knet@msyable to merge in a
short time, although their mass is smaller than the critical mass, and that the timeststrds the
persistent component of SNla in galaxy clusters is only compatible with themgesfitwo white
dwarfs [26]

During the merging process the secondary is destroyed in few orbiiadgeafter filling the
Roche lobe and forms a thick and hot accretion disk around the primaty [BTe impact is
not able to induce a prompt ignition [28] and the outcome depends on theciiar&detween
the disk and the white dwarf and the rate at which mass is transfered to thedmlzté If the
accretion rate is spherically symmetrld, > 2.7 x 108 M /yr and the entropy of the infalling
matter is neglected, the white dwarf ignites off center and becomes an ONéhgdwarf [29]
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that eventually collapses to a neutron star [5]. Probably this approagtrésrely simple as show
the 3D models. Calculations indicate that a rotating hot corona forms and thaifftkcenter
ignition can be avoided if the following conditions are fulfilled: i) the ignition tenapere is not
reached at the interface when the quasi—static equilibrium is reached, titntinecale for neutrino
cooling is shorter than the time scale for angular momentum dissipation, and iii) Hseameretion
rate is< 5x 10°%, 107> M. /yr [30]. It is obvious that the coupling between the disk and the
rotating white dwarf is a critical issue [31, 32]. Furthermore, the recaatyais of SN2003fg
[33] suggests that this type la supernova is about 2.2 times more luminouththamerage. If
the standard analysis is valid, the mass of nickel synthesized shouldLt®M, and the ejected
mass~ 2.1 Mg in order to account for the spectrum at maximum, which implies that the exploding
object should have a mass larger than the Chandrasekhar mass anlg thayoknown to push the
mass of a degenerate structure beyond the critical mass is through rogatiatyral outcome of
the merging of two white dwarfs [31].

A possible issue to the problem posed by the explosion/collapse dilemma caqarioMxed by
the case of merging of two white dwarf of the same mass. In this case botimstiautsin the indi-
viduality of their cores for some time and the final outcome is an explosion withhtracteristics
of subluminous SNIla [34]. Of course, the problem is the statistical retevahthe case.

There are two scenarios in which a white dwarf can directly accrete heliura.i$a double
degenerate with a secondary made of helium that merge as a conseqgtg@cemission of gravi-
tational waves, the other is a single degenerate scenario in which thelaeg@a non—-degenerate
helium star and the mass transfer is powered by the helium burning. Onesilimainmodels in-
dicate that helium can ignite just above the base of the freshly accreted madde degenerate
conditions. The high flammability of helium together with the low density of the epecioduces
the formation of a detonation that incinerates the envelope and triggers thmtheclear explosion
of all the accretor despite the fact that its mass is smaller than the Charithesekass [18].

Sub-Chandrasekhar models are not the favorites to account for ltheftaupernovae. The
reason is that they predict the existence of a very fast moving layer niadilicand “He that is
not observed [35]. However, if it was possible to neglect the contribuifdhe outer layer, these
explosions could nearly reproduce the gross features of SN la éxpsowith a single parameter,
the initial mass of the white dwarf [36]. In this sense it is important to realizettieaprocess of
formation of the mantle is quite complex and far from the simple description of matteetad
with spherical symmetry, at a constant rate and with the same entropy av#hepen opening the
possibility to trigger the detonation of the white dwarf without incinerating therdtgelayer [37].
Another fact to be taken into account is that in real systems like AM CVn igisathe process of
merging is not catastrophic and the accretion rate evolves with the mass ohie ith such a way
that helium is burned in a series of flashes that end with a "last—flash" tludwéis a mass of the
order or slightly smaller than 0.1 Mthat produces a dim SN la [38]. Possible counterparts of such
events are SN2002Bk [39] and SN2005E [40], although other intexpras are possible.

3. The width—luminosity relationship

Type la are approximate standard candles since their dispersion at majxgmafatively
small,~ 1.5M39 or even smaller if the sample is restricted to the "Branch—normals". Fortynate
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there is a correlation between the brightness at maximum and the declinettadight curve just
after this maximum [41] that allows to reduce the dispersion of brightnegs.witith-luminosity
relationship (WLR) was definitively established from CCD measuremenisaf#fthe dispersion
of the light curves was reduced to value®.15M39 converting SN la in true standard candles. It
was believed that the dispersion of the calibrated magnitudes could beaceiuess than.Q™M29
but it is now clear that it is larger than the value expected from photometacseonly [43].
This relationship has proved to be extremely useful up to now, but thereaeents ofprecision
cosmologydemand a higher precision as well as the certitude that the accuracy isodetidoy
evolutionary effects at large distances.

It has been shown [44, 45] that the WLR is not primarily caused by éiffees in the diffusion
time of photons but by evolutionary changes in the opacity/emissivity at thereliff photometric
bands. They have shown that the Fell/Coll lines blanket the B—bathdnarease the emissivity
at longer wavelengths, thus reducing the flux in the B—band. At tempesaanger tham- 7000
K, the Fell/Coll lines are absent or weak, the optical continuum behlikea blackbody and the
behavior of the color and the spectrum is almost independent of the magkef, My;, synthe-
sized. When the temperature goes below000 K, Fe Ill recombine, the Fell/Coll lines become
stronger and modify the behavior of the photometric bands. Since modelsmathvalues oMy
have smaller luminosities and temperatures, this effect appears more raquigiyoaluces a steeper
B—band light curve. The result is that dim supernovae decline mordydpah bright supernovae.

Although the Phillips relationship is closely relatedNly;, this parameter alone cannot ac-
count for the WLR and other factors like the total mass burned, the amadndiatribution of
stable iron, radioactive nickel and intermediate mass elements must combineite &ght way
to produce this relationship [45, 46]. However, some of the factors tiegiesthe WLR depend
on the evolution of the white dwarf prior to the explosion and project somdosteto the use of
SNla as as high precision distance indicators. For instance, the massaidition of stable iron
depend on the density at which the ignition starts and, througfe abundance, on the initial
metallicity of the white dwarf [47, 48, 49]. Therefore, it is of critical importarto disentangle
the role of these parameters to understand the limits of validity of the Phillips redhtpnThis
is specially urgent since the discovery of the super—Chandrasekhay that are very bright and
apparently do not follow the WLR.

Certainly, the most important quantity is the amount of nickel synthesized adidtitdbution
within the explosion debris. A first estimation can be obtained fronAtimett's law[50], however
its precision is limited by the assumption of spherical symmetry and the use of theiatif ap-
proximation. The nebular phase also provides the opportunity to obtainltreeafdvy;, as well as
the mass of inert iron, by accurately modelling the emission lines of the ironegleaients [46].
The problems come from the complexity of the NLTE models and the uncertairities atomic
parameters.

The detection of the gamma-—ray emission of radioactive elements produdeg! the explo-
sion provides an independent and effective method to deteriwing51]. In the SNIa case the
dominant radioactive chains a*&Ni —°6 Co —%° Fe and®’Ni —°’ Co —°" Fe. Differences in
the amount of radioactive material, in the distribution within the ejecta as well agidehsity,
velocity and chemical composition profiles translate into the intensity and tempataition of
the radioactive lines as well as into the importance and extension of the aomtiocomponent
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of the spectrum. This information allows to obtain not only the mass of the rabieatements
freshly synthesized but also some insight on the explosion mechanisrids24, 55, 56]. The
most important advantage of this method is that the calculations are relatiabhstorward and
that the opacities are better known in the gamma-ray domain than in other piugsspectrum.

The 158, 812 ke\PNi-lines peak very early, near the maximum of light, and because of
absorption, they are much weaker than thos&@6o. An early detection of these lines could
provide information about the location 8fNi in the debris. The 847 keWCo-line reaches its
maximum intensity roughly two months after the explosion and it is the most prongnentt this
moment, the debris have expanded so much that the intensity of the line is diysgetitamined by
the total mass of the radioactive isotopes. Four months after the explostogjetiia are optically
thin and the intensity of the lines is proportional to the total mass of the par¢opeso[54].

The main difficulty lies in the lack of sensitivity of current detectors in the nregio~ 1 MeV.
This lack of sensitivity is worsened by the fact that the SNIa radioactives lare broad, of the
order of 3 to 5 %. For instance the W7 model predicts a width of 35 keV in the chthe 847
keV %6Co line. As a consequence of the noise, this fact reduces the sensifitfity detector by
a factor 3 to 4 as compared with the sensitivity of the narrow lines [54]. Thanmthat current
detectors only allow the measurement of Ni/Co lines up to a distanee8olMpc, which reduces
the possibility of observing SNia to a few fortuitous cases.

The content oMy; depends on the supernova subtype. Roughly speaking it goes froen mor
than 1 M, in the overluminous cases to a mere 0.08 M the extremely underluminous cases
[46]. Therefore, this measurement will be useful only in the case it iSrdatdor a statistically
relevant sample. A simple examination of the supernova catalogs indicatés élchieve this goal
it is necessary to be able to detect supernovae up to a distance of 50rékiag the W7 models
as representative, this implies a sensitivity~ofl0~’ cm2s tkeV 1, value that is far form the
performance of the current day detectors and demands the developimemt concepts as could
be the case of the Laue lens.

4. Conclusions

During the last years there has been a substantial advancement indmustanding of the
origin and properties of Type la supernovae. Nevertheless, the msistquestions: which systems
explode, why they explode and how they explode still remain unanswered.

Concerning the progenitors, two important points are the discovery ohaloois events and a
preliminary determination of the delay time distribution in galaxy clusters. The existaf events
that deviate from the astonishing homogeneity of SNla allows to recovesiblawscenarios, like
the Sub—Chandrasekhar ones, that were initially rejected becausedreymable to fit the obser-
vations. This fact provides the opportunity to obtain insight on the beha¥&trongly interacting
binary systems that contain one or two white dwarfs. The temporal distribotierplosions in
the clusters of galaxies, together with the correlation of the SNla rate withahésmation rate
strongly suggests that the SDs and DDs scenarios can coexist. Nunsémcddtions in three
dimensions of the behavior of the merged white dwarfs indicates that some bypiothesis in-
troduced in one dimensional models could be critical in order to understarpidbess of ignition
and should be revised.
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Finally, given the prominent role played by the amount of nickel synthdsimeing the explo-
sion, this quantity should be independently determined with a more robust mdtnoloably the
detection of the/~ray emission fron¥®Ni and*6Co would be the best issue.
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