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Abstract

Type Ia supernovae (SNe Ia) are important distance indicators, element fac-
tories, cosmic-ray accelerators, kinetic-energy sources in galaxy evolution,
and end points of stellar binary evolution. It has long been clear that a SN
Ia must be the runaway thermonuclear explosion of a degenerate carbon-
oxygen stellar core, most likely a white dwarf (WD). However, the specific
progenitor systems of SNe Ia, and the processes that lead to their ignition,
have not been identified. Two broad classes of progenitor binary systems
have long been considered: single-degenerate (SD), in which a WD gains
mass from a nondegenerate star; and double-degenerate (DD), involving
the merger of two WDs. New theoretical work has enriched these possi-
bilities with some interesting updates and variants. We review the signif-
icant recent observational progress in addressing the progenitor problem.
We consider clues that have emerged from the observed properties of the
various proposed progenitor populations, from studies of SN Ia sites—pre-
and postexplosion—{rom analysis of the explosions themselves and from the
measurement of event rates. The recent nearby and well-studied event, SN
2011fe, has been particularly revealing. The observational results are not yet
conclusive and sometimes prone to competing theoretical interpretations.
Nevertheless, it appears that DD progenitors, long considered the underdog
option, could be behind some, if not all, SNe Ia. We point to some directions
that may lead to future progress.
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Because I have contemplated explaining what I think, not only about the location and movement of this light,
but also about its substance and origin, and believing that 1 have found an explanation that, for lack of evident
contradictions, may well be true, I have finally arrived at the belief of being capable of knowing something about
this wonder, beyond the point where pure conjecture ends.

—Letter by Galileo to O. Castelli regarding the Ste/la Nova of 1604

1. INTRODUCTION

1.1. Type Ia Supernovae: A Brief Overview

The observations of the supernovae (SNe) of 1572 and 1604 and the attempts by Tycho, Kepler,
Galileo, and others to understand their natures and locations were transformational events in
the history of science. These attempts signal the beginnings of modern astrophysics. Among the
handful of historical SN events in the Galaxy recorded over the past two millennia, we now know
that at least some were core-collapse (CC) SNe, involving the explosion of massive (M 2 8 M)
stars, whereas others were the thermonuclear explosions of lower-mass stars, now known as Type
Ia supernovae (SNe Ia). In modern-day surveys that search for stellar explosions, SNe Ia are often
the ones most frequently discovered, owing mainly to their large optical luminosities, ~10% erg
s! near the time of maximum light.

SNeIaare classified (see review by Filippenko 1997) by a lack of hydrogen and helium signatures
in their spectra and by kinematically broadened and blueshifted (~10°~10* km s~!) features, mainly
of silicon, iron, and calcium, around the time of maximum light. Contrary to CC SNe (e.g., Smartt
2009), SNe Ia are observed to explode both in young and in old stellar populations. The spectra
and light curves of most SNe Ia are remarkably uniform. The light curves rise to maximum light
within ~15-20 days, decline by about 3 mag in one month, and then decline by a further mag
each month, with the more specific behavior depending on the observed photometric band. On
the basis of the light-curve shape, optical spectroscopy, and X-ray analysis of SN Ia remnants, the
observed luminosity of SNe Ia is driven by inverse-8 and electron-capture radioactive decays, first
of *Ni to **Co, and then of **Co to stable **Fe, with exponential timescales of 9 days and 114 days,
respectively. Gamma rays and positrons from these decays are reprocessed by the optically thick
ejecta into the optical photons that dominate the luminosity (Colgate & McKee 1969). SNe Ia
are a decisively optical-range phenomenon, with ~85% of the luminosity emitted between the U
and I bands (e.g., Howell et al. 2009).

The tight correlation between the luminosity of SNe Ia at maximum light and various measures
of light-curve development speed (Phillips 1993, and see Howell 2011 for a review) has made
them excellent cosmological distance indicators. As such, they provided the first evidence for
acceleration of the cosmic expansion (Riess et al. 1998, Perlmutter et al. 1999), and hence for the
current, dark-energy-dominated cosmic mass-energy inventory. SNe Ia continue being a major
cosmographic tool, with future efforts focusing on determining the evolution, on cosmological
timescales, of the dark-energy equation of state (Howell et al. 2011). The yet-unknown identity of
the progenitor systems of SNe Ia, the subject of this review, is a concern for SN Ia cosmography,
given that changes with cosmic time or environment, in the progenitor populations or in some
details of the explosions, could, in principle, lead to systematic errors in distances deduced based
on calibrations of nearby SNe Ia. For example, systematic differences have been reported in the
residuals in the Hubble diagram, depending on host galaxy mass and metallicity (e.g., D’Andrea
etal. 2011, Hayden etal. 2013, Pan etal. 2013). These differences could impact the measurements
of cosmological parameters, as low-mass and low-metallicity galaxies dominate the production of
SNe Ia at progressively higher redshifts.
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Every normal SN Ia enriches the interstellar medium (ISM) with roughly 0.7 M, of iron (to
within a factor of a few) and a similar total amount in other elements, including mainly carbon,
oxygen, neon, magnesium, silicon, sulfur, argon, and calcium. Combined with their large numbers,
this means that SNe Ia play an important role in chemical evolution, and understanding such
evolution requires knowing the dependences, on cosmic time and environment, of SN Ia rates
and metal yields (e.g., Wiersma, Schaye & Theuns 2011).

The kinetic energy of SN Ia ejecta also affects gas dynamics and star formation in galaxies,
contributing to the ejection of matter from galaxies to the intergalactic medium, and thus SNe
Ia are a factor in galaxy evolution (e.g., Davé, Oppenheimer & Finlator 2011). As is the case
for other SN types, the remnants of SNe Ia are the likely sites for the acceleration of cosmic
rays up to energies of ~10" €V (e.g., Drury 2012). And, as detailed further in this review, SNe
Ia may or may not signal two important end points in binary stellar evolution—accretion onto,
and/or the mergers of, white dwarfs (WDs). The final stages of the latter events are expected to
be the main source of foreground, though also interesting signals, for space-based gravitational-
wave observatories (e.g., Amaro-Seoane et al. 2013). For all of these reasons, it is important to
understand the physics of all stages of the development of SNe Ia and, particularly, to identify
their progenitor systems.

1.2. Basic Physics of SNe Ia

Physical models of SN Ia explosions have been reviewed by Hillebrandt & Niemeyer (2000), with
updates by Hillebrandt et al. (2013). Here we only skim the surface. The energetics and chemical
composition of SN Ia explosions, as measured in the course of the explosions and in their remnants,
suggest (Hoyle & Fowler 1960) that they involve the thermonuclear combustion of a degenerate
stellar core. The absence of hydrogen and helium in the spectrum, and the occurrence of some SNe
Ia in old stellar populations, indicates that this core is most likely a WD of carbon-oxygen (C/O)
composition. The burning is partly into iron-group elements and partly into intermediate-mass
elements, with some residual unburnt carbon and oxygen, as indicated by the stratification and
composition deduced from observations. The spectral evolution of SNe Ia indicates the presence
of ~0.6 M, of radioactive **Ni in a typical explosion, along with a similar amount of total mass
distributed among stable iron-group elements and among the lighter elements mentioned above,
for a total ejecta mass similar to the Chandrasekhar WD mass limit, M ¢, = 1.44 Mg, (e.g., Mazzali
et al. 2007). This chemical makeup and stratification is also deduced from X-ray analysis of the
ejecta of historical SN Ia remnants (e.g., Badenes et al. 2006) such as Tycho’s SN of 1572.
Looking at energetics, the nuclear binding energy released by burning 0.6 Mg, of C and O into
Niis 1.1 x 10°! erg. A comparable mass of C and O burning to intermediate-mass elements
releases additional energy. The gravitational binding energy of a WD of mass close to Mcy is
~0.5 x 10°! erg. The thermonuclear energy release is thus sufficient to unbind the WD and to
give the ejecta the kinetic energy indicated by the deduced ejecta mass and its observed expansion
velocities, of order 10* kms™!, i.e., ~10°! erg. Furthermore, the equation of state of the degenerate
electron gas in a WD is just what is needed for an unstable thermonuclear runaway once carbon
is somehow ignited. Nuclear reaction rates have steep rising dependences on temperature. A
highly degenerate gas, when heated, does not expand and cool as a classical gas would. As a
result, an explosive burning front can, in principle, quickly consume a WD. The carbon ignition
threshold can be crossed via an increase in some combination of pressure and temperature. That
increase has generally been attributed to the accumulation of accreted mass on the WD, up to the
neighborhood of My, with a corresponding decrease in radius. Specifically, the carbon in the core
of a nonrotating C/O WD ignites at a WD mass of ~1.38 M, (Arnett 1969, Nomoto 1982). The
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fact that the “bomb” is always a C/O WD with M ~ M ¢, would naturally explain the limited
range of SN Ia luminosities, which has been so instrumental for cosmology.

Beyond this simplified picture, however, much about SNe Ia is still poorly understood. At the
most fundamental level, it is unknown what are the initial conditions and evolutionary paths that,
in practice, take a WD away from stable equilibrium and lead it to mass growth, ignition, and
explosion. In other words, we do not know the identity and nature of the systems that explode as
SNe Ia. This is the “SN Ia progenitor problem.”

2. PROGENITOR MODELS AND OPEN QUESTIONS

Progenitor scenarios have traditionally focused on getting a C/O WD to ignite by having it
approach or exceed Mcy. This can be accomplished either through accretion from a nondegenerate
star in the single-degenerate (SD) model (Whelan & Iben 1973) or by merging two WDs in a
tight binary (through loss of energy and angular momentum to gravitational waves) in the double-
degenerate (DD) model (Tutukov & Yungelson 1981, Iben & Tutukov 1984, Webbink 1984; see
Wang & Han 2012 for a recent review).

2.1. Single-Degenerate Models

Accretion from a nondegenerate secondary can assume many configurations. Mass transfer can
proceed through Roche-lobe overflow or through a strong wind from the companion (Li & van
den Heuvel 1997). The secondary can be a main-sequence star (e.g., van den Heuvel et al. 1992),
a subgiant (e.g., Han & Podsiadlowski 2004), a He star (Tutukov & Yungelson 1996) (often called
a “hot subdwarf”, i.e., a star that has been stripped of its hydrogen envelope by binary interaction,
e.g., Geier et al. 2013), or a red giant (sometimes called a “symbiotic” companion, e.g., Patat
etal. 2011). For each of these cases, different configurations are possible, depending on previous
common envelope and mass transfer phases (e.g., Wang & Han 2012).

In the SD scenario, the challenge is to get an accreting WD to actually grow in mass. In a narrow
range of about a factor of three in mass accretion rate, centered around M = 107 M, year~! for
20.8-Mg, WD, and around M = § x 107 M, year~' for a 1.4-Mg, WD, stable nuclear burning of
hydrogen to helium on the WD surface can take place Nomoto 1982). WDs in such an accretion
mode should resemble an observed class of objects known as supersoft X-ray sources (van den
Heuvel et al. 1992; see Section 3.1.2 below). Accretion above this range likely leads to expansion
of the accretor to a red-giant-like configuration, engulfment of the donor in a common envelope,
and thus cessation of the growth process toward Mcy, and toward explosion as a SN Ia (Iben &
Tutukov 1984). In this high-accretion-rate regime, however, Hachisu, Kato & Nomoto (1996,
1999) have proposed that self-regulation of the accretion flow occurs, keeping the mass flow that
actually accumulates on the WD at the steady-burning rate. This is achieved by means of an
optically thick wind emerging from the accretor, driven by the luminosity of the nuclear burning
on the WD surface. However, questions have been raised as to whether this requires too much
fine tuning (e.g., Piersanti et al. 2000, Shen & Bildsten 2007, Woosley & Kasen 2011) or requires
contradictory assumptions about the spherical symmetry of the accretion flow—on the one hand,
an asymmetric Roche-lobe overflow, on the other hand a spherical inflow that can be regulated
by the spherical outflowing wind (Hillebrandt & Niemeyer 2000). In any case, the efficiency of
the accretion mode is limited to the ratio of the steady burning rate to the mass transfer rate.

Accretion at rates lower than the stable-burning range lead to accumulation of the accreted hy-
drogenina cold degenerate layer on the accretor, up to its ignition and burning in a thermonuclear-
runaway “nova” eruption (Starrfield etal. 1972). Because hydrogen burning produces more energy
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per unit mass than required to eject that mass from the surface of a WD, most of the accreted
material is expected to leave the accretor. Over the accumulation timescale, hydrogen can diffuse
inward and mix with the WD’s C and O layer. As a result, during the burning, some of the original
WD material is blown away, along with the ashes of the accreted material (e.g., Yaron et al. 2005).
However, with increasing accretion rates and WD masses, ignition conditions are reached at lower
accumulated mass and less degenerate conditions, so there may be a parameter range where mass
gain is possible after all.

Recent studies of the long-term evolution of WDs accreting hydrogen at different rates have
had some conflicting conclusions. Idan, Shaviv & Shaviv (2013), studying accretion at a high
rate (M = 1076 Mg, year™!, i.e., above the steady burning regime), find recurrent thermonuclear
runaway flashes on ten-year timescales (rather than steady hydrogen burning), during which most
of the accreted mass is retained. However, the accumulated He ash is ignited after several thousand
hydrogen flashes and ejects essentially all of the accreted mass. At a lower accretion rate of M =
1077 M, year™!, some mass is retained, and the WD mass grows, albeit inefficiently. Newsham,
Starrfield & Timmes (2013) and Wolf et al. (2013), by contrast, find steady burning and WD
mass growth, but again that a hot He layer ignites at some point, possibly ejecting much of the
accumulated mass.

Alternatively, the donor may be a He-rich star, avoiding the challenges involved in mass gain
through hydrogen-rich accretion (see Wang et al. 2009a). The accumulated He layer ignites at a
larger accumulated mass, but may suffer from the same problem as described above, that of a He
nova in which much of the accreted material is ejected. The efficiency of hydrogen and helium
accretion is thus theoretically uncertain, leading to a large range of possibilities for WD growth
(see Yungelson 2005; Bours, Toonen & Nelemans 2013).

2.2. Double-Degenerate Models

In the DD scenario, the more-massive WD is generally thought to tidally disrupt and accrete
the lower-mass WD, initially through an accretion disk configuration, that then likely takes on a
more spherical geometry (e.g., Lorén-Aguilar, Isern & Garcia-Berro 2009; Pakmor et al. 2012;
Raskin et al. 2012; Schwab et al. 2012; Shen et al. 2012; Moll et al. 2014). Accretion of carbon
and oxygen at a high rate should prevent the problems of inefficient mass growth, encountered in
novae, and eventually lead to carbon ignition in the core. Against this concept, however, it has long
been argued that the large accretion rate leads to off-center ignition and burning of carbon in the
accretor to oxygen and neon. Further accretion and approach to My, drives electron capture on
Mg and Ne, leading to gravitational instability and to an “accretion-induced collapse” to a neutron
star (Nomoto & Iben 1985, Saio & Nomoto 1998, Shen et al. 2012). The collapse could manifest
itself as some kind of non-SN Ia, low-luminosity, hydrogen-free transient [Darbha et al. (2010)
and Piro & Kulkarni (2013) consider the signatures of such an event]. By contrast, rotation of the
merger remnant has been considered as a way to slow down the accretion and to avoid off-center
ignition (Piersanti et al. 2003, Tornambé & Piersanti 2013; see also Section 2.5, below).

Recent 3D hydrodynamical merger models have cast doubt on the concept of a merger remnant
as an unperturbed primary-mass WD that accretes the remains of the secondary WD. Instead,
complex structures with regions of high temperature and density are found, in which explosive
carbon ignition may occur. Such “violent mergers” may lead to a SN Ia, even if the total mass of
the merger is below Mcy, (Guillochon et al. 2010; van Kerkwijk, Chang & Justham 2010; Pakmor
etal. 2013; Raskin etal. 2014; Zhu et al. 2013; Dan et al. 2014). Details depend on the WD masses
(a primary WD mass 20.9 M, is likely required) and on the presence of He, which can facilitate
ignition.
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2.3. Collisional Double-Degenerate Models

A special case of a WD merger configuration is the “collisional” one, whereby two WDs collide
head-on rather than spiraling in owing to gravitational-wave losses. Benz, Thielemann & Hills
(1989), Lorén-Aguilar, Isern & Garcia-Berro (2010), Raskin et al. (2009, 2010), Rosswog et al.
(2009), and Hawley, Athanassiadou & Timmes (2012) have invoked this scenario, generally in the
context of some SNe Ia possibly arising in dense stellar environments such as globular clusters and
galactic nuclei. A differentimplementation of the collisional DD scenario was raised by Thompson
(2011), who proposed that many binary WDs may actually be in “hierarchical triple” systems with a
third, low-mass star in orbit about the inner WD binary. The tertiary could induce Kozai (1962)-
Lidov (1962) oscillations in the eccentricity of the inner binary. A high eccentricity increases
gravitational wave losses, and thus decreases the time until merger, and so enlarges the population
of tight WD binaries that merge (leading to an enhanced rate of SNe Ia). Rare head-on collisions
could sometimes also occur among the most eccentric systems. Prodan, Murray & Thompson
(2013) considered also tidal dissipation of orbital energy of the inner binary (Mazeh & Shaham
1979), further enhancing the merger rate. However, it is not clear that triple systems, with the
postcommon-envelope orbit ratios needed for this mechanism to operate, can be realized.

Katz & Dong (2012) discovered that one of the approximations used in previous Kozai-Lidov
calculations is invalid for “mild” hierarchical triples, i.e., those in which the tertiary orbit is ~3-
10 times the inner orbit. Among such cases, they found, through direct numerical integration for
a range of initial tertiary orbit inclinations, a rather high probability, ~5%, for a Kozai-Lidov-
induced head-on collision between the inner WD pair. Katz & Dong (2012) argue that, if a large
fraction of all intermediate-mass stars are in the appropriate triple systems, most or all SNe Ia
could come from such collisions. Kushnir et al. (2013) and Garcia-Senz et al. (2013) performed
the latest hydrodynamic thermonuclear simulations of such collisions and obtained promising
agreement with some of the phenomenology of observed SN Ia explosions. Kushnir et al. (2013),
using high spatial resolution (~1 km) in their simulations and avoiding some numerical artifacts
that affected previous work, find that a collision between, e.g., two 0.7-My WDs produces an
explosion with a **Ni yield of 0.56 M, similar to a typical SN Ia.

However, it seems unlikely that a large fraction of all WDs are in such triples—only ~10-20%
of stars are triples (Duchéne & Kraus 2013, Leigh & Geller 2013), and probably only a fraction
of these have the required special orbit ratios. A further problem with this model is how to avoid a
collision of the inner binary early on, when the components are still on the main sequence and their
geometrical cross sections for collision are 100 times greater than after they have become WDs.
Hamers etal. (2013) used “binary population synthesis” calculations (see Section 2.6 below) to con-
firm that, for this reason alone, the enhancement of SN Ia rates is already minimal for initially wide
inner binaries that would not interact without a tertiary component. Katz & Dong (2012) suggest
that the relative orientations of the inner and outer orbits could be “reset” by small kicks during the
mass loss phases of the stars of the inner binary or by a passing perturbing star. Colliding WD cases
could then arise from among those systems that avoided collisions while on the main sequence.

2.4. Double Detonations and Rotating Super-Chandrasekhar-Mass Models

WDs accreting He at low rates (from either nondegenerate or He-WD donors) can accumulate
a He layer that is sufficiently massive and degenerate such that the resulting He ignition becomes
explosive (Taam 1980). This detonation drives a shock into the underlying C/O WD, which
then ignites carbon at or near the center, even in sub-M¢, WDs (Livne 1990, Shen & Bildsten
2009, Fink et al. 2010). Originally, these “double-detonation” or “edge-lit detonation” models
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were considered for nondegenerate He donors in which the ignition masses of the He layers
were found to be ~0.2 M. Models for such explosions typically predicted strong signatures of
carbon and oxygen (from the burned He) in the SN spectra, which were inconsistent with observed
spectra. However, Bildsten et al. (2007) found that, for He WD donors, the higher mass transfer
rates lead to smaller He layers at explosion time and better agreement with observations (e.g.,
Fink, Hillebrandt & Ropke 2007). Recently, Guillochon et al. (2010), Pakmor et al. (2013), and
Shen & Bildsten (2014) find that also in “violent mergers” (see Section 2.2 above) there may first
be a surface He detonation, triggering the C detonation, if the merger is between a He and a C/O
WD or in mergers between two C/O WDs where there is a thin surface layer of He present.

At the other extreme, the nickel mass deduced for some very bright SN Ia explosions is sug-
gestive of a super-Chandrasekhar-mass progenitor, with mass >2 Mg, (e.g., Howell et al. 2006;
Scalzo et al. 2010, 2012; Silverman et al. 2011; Taubenberger et al. 2011, 2013a; Kamiya et al.
2012). WD rotation has been proposed as a means of supporting such massive progenitors. How-
ever, Hillebrandt, Sim & Répke (2007) and Hachinger et al. (2013) argue that the explosion of a
rotating super-Mc, WD does not necessarily produce the inferred nickel mass, or other charac-
teristics, of such bright events, and they suggest asymmetric explosions instead (see also Moll et al.
2014). Chamel, Fantina & Davis (2013) show that another proposed means of supporting super-
Mci WDs, via ultrastrong quantizing magnetic fields, is impractical owing to electron-capture
reactions that would make the WD unstable.

More generally, WD rotation has been invoked in several so-called spin-up/spin-down scenar-
i0s. Di Stefano, Voss & Claeys (2011), Justham (2011), Yoon & Langer (2004, 2005), and Hachisu,
Kato & Nomoto (2012) have argued, in the context of the SD model, that a WD that has grown
in mass, even beyond Mcy, could be rotation-supported against collapse and ignition, perhaps
for a long time, during which the accretion could run its course and end and the traces of the
process (or even of the donor itself) could disappear. DD mergers whose explosions are delayed
by rotational support have also been proposed (Piersanti et al. 2003, Tornambé & Piersanti 2013).
A WD undergoing maximal solid-body rotation is stable against carbon ignition up to a mass of
1.47 Mg, i.e., only ~0.1 M, more than in the case of a nonrotating WD. In the context of SD
models, where a typical WD needs to accrete ~1 Mg, before exploding, it would appear that this
extra 0.1 My provides not much of an opportunity for the accretion process to conclude. Yoon
& Langer (2005) therefore constructed models of differentially rotating WDs in which, for some
radially increasing profiles of angular rotation speed, the maximal stable WD mass reaches ~2 M.
Saio & Nomoto (2004) and Piro (2008), however, argue that “baroclinic” instabilities, and/or the
shear growth of small magnetic fields, provide torques that quickly bring a differentially rotating
WD to solid-body rotation, with its limited rotational support. Hachisu et al. (2012) countered
that these instabilities might not occur, as only the necessary conditions for them, but not the
sufficient ones, are satisfied. The theoretical viability of massive, rotation-supported, WDs is thus
still unclear. Observationally, a spin-up/spin-down scenario could potentially “erase” many of the
clues that we discuss in this review.

2.5. Alternative Models

Kashi & Soker (2011) have introduced a “core-degenerate” model, in which a WD and the core
of an asymptotic-giant-branch (AGB) star merge already in the common-envelope phase. After
ejection of the envelope, the merged core is supported by rotation, potentially for long times, until
it spins down, e.g., via magnetic dipole radiation, and only then explodes (Ilkov & Soker 2011).
Wheeler (2012) sketches a SD progenitor model consisting of a WD and an M-dwarf donor, in
which accretion by the WD and its growth toward Mcy, are enhanced by magnetic channeling,
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self-excited mass loss from the M dwarf, and magnetic inhibition of mixing of the WD surface
layer, thus avoiding excessive mass loss in nova events. Single-star SN Ia progenitor models have
also been occasionally attempted (Iben & Renzini 1983, Tout 2005) in which the degenerate
carbon-oxygen core of an AGB star is somehow ignited after it has lost its hydrogen envelope (as
it must, if the SN is to appear as a Type Ia).

2.6. Linking Theory and Observations

As already noted briefly above, apart from the issue of the identity of the progenitors and the
intrinsic problems of each of the progenitor scenarios, many gaps remain in our understanding of
the phases that precede each “progenitor setup” that will eventually lead to an observed SN Ia.
These gaps of knowledge include the details of binary evolution and particularly the enigmatic
common-envelope phases that a pre-SN-Ia binary system undergoes in almost all models (see
Ivanova et al. 2013 for a review).

An important theoretical tool for obtaining observational predictions from the various
scenarios, despite these obstacles, has been the calculation of binary population synthesis (BPS)
models. In BPS, one begins with a large population of binaries having a chosen distribution of
initial parameters (component masses, separations), and one models the various stages of their
stellar and binary evolution, including transfer and loss of both mass and angular momentum,
and possibly multiple common-envelope phases, with the physics of each stage parameterized
in some way (e.g., Jorgensen et al. 1997; Yungelson & Livio 2000; Wang, Li & Han 2010;
Bogomazov & Tutukov 2011; Meng & Yang 2011; Toonen, Nelemans & Portegies Zwart 2012;
Mennekens et al. 2013; Ruiter et al. 2013; Claeys et al. 2014). At the end of such a simulation,
one can see what fraction of the initial stellar population, and from which specific progenitors,
has ended up at the conditions thought to lead to a SN Ia explosion through a particular channel
(e.g., DD, Chandrasekhar-mass SD, etc.). Furthermore, as discussed in Section 3.5 below, for
each progenitor channel one can obtain the distribution of “delay times” between star formation
and SN Ia explosion, a distribution that can be compared with observations.

Even after the conditions for a SN Ia explosion have been met, many additional questions
remain as to the ensuing phases: the trigger and the locations of WD ignition; the mode in which
the burning front consumes the WD (see Hillebrandt & Niemeyer 2000; and see Section 3.3.4,
below); uncertainties in nuclear cross sections (Parikh et al. 2013); and the transfer of radiation
through the expanding ejecta (e.g., Pinto & Eastman 2000; Piro & Nakar 2013,2014; Dessart etal.
2014b; Mazzali et al. 2014). There is thus a multitude of theoretical paths to a SN Ia explosion,
some of this multiplicity arising from real physical possibilities and some of it due to uncertainties
in the often-complex physics. Among these many theoretical paths, the ones that are actually
realized and seen in nature likely encrypt observational clues to the solution of the progenitor
question. With this in mind, we attempt an overview of the state of the art of observations that
may provide such clues. We arrange our review according to the various possible observational
approaches to the problem.

3. EVIDENCE FROM THE OBSERVATIONS

A variety of observational approaches have been brought to bear on the SN Ia progenitor problem:
The existing populations of potential progenitors can be studied (Section 3.1); pre-explosion data
at the sites of nearby events may reveal the progenitors (Section 3.2); the observed properties of
the events themselves may carry clues to the progenitors (Section 3.3); the remnants of presumed
SNe Ia can be searched for remaining traces of the progenitor systems (Section 3.4); and the rates
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at which SNe Ia explode as a function of time and environment provide another avenue to address
the problem (Section 3.5). We review each of these approaches in turn.

3.1. Clues from Potential Progenitor Populations

Because a typical galaxy hosts on the order of 107 SNe Ia over a Hubble time (see Section 3.5.7), a
viable type of progenitor system should be present in significant numbers and therefore observable,
whether as individual objects or through their collective emission. Thus, the first observational
approach to the progenitor problem that we consider is to look for specific potential progenitor
systems, to measure their properties and numbers, and to see if those properties and numbers
conform to expectations, given known SN Ia properties.

3.1.1. Recurrent novae. The Milky Way and similar large galaxies have populations of ~10°
“cataclysmic variables”—WDs accreting from nondegenerate donor stars through Roche-lobe
overflow or through a wind, with orbital periods down to about 80 min (e.g., Warner 2003).
Among the ways in which these systems reveal themselves are “nova eruptions” (see Section 2.1,
above), which occur in the Galaxy and in M31 at rates of ~35 year™! and ~65 year™!, respectively
(Della Valle et al. 1994, Darnley et al. 2006). As already noted, it is thought that few, if any,
novae gain more mass during accretion than mass they lose in the eruptions, in which case such
systems are not SN Ia progenitors. [See, however, Zorotovic, Schreiber & Ginsicke (2011), who
find that accreting WDs, on average, have higher masses than WDs with low-mass companions
in postcommon-envelope binaries that are destined to become semidetached systems with stable
mass transfer. This suggests either that WD masses do grow or that the majority of cataclysmic
variables form from systems with higher mass companions, that by some selection effect, harbor
more massive WDs.]

However, members of a subclass of novae called recurrent novae have long been suspected as
possible SN Ia progenitors (e.g., Starrfield, Sparks & Truran 1985; Della Valle & Livio 1996;
Schaefer 2010; Kato & Hachisu 2012). Recurrent novae are defined as novae with more than a
single outburst over the past century or so. There are only 10 recurrent novae known in the Galaxy.
Some of the donor stars are main-sequence, some subgiants, and some red giants. Recurrent novae
have eruptions every few decades on an irregular basis. Because the mass needed for ignition scales
inversely with both WD mass and accretion rate (Fujimoto 1982, Truran & Livio 1986, Shen &
Bildsten 2009), these short recurrence times have been interpreted to indicate that the WD mass
is close to Mgy, specifically M 2> 1.2 Mg, and that the accretion rate is relatively high, i.e., the
same parameters for which mass gain may be possible. A number of observational mass estimates
are indeed suggestive of large WD masses, but uncertainties are large and there are only two
double-lined eclipsing systems that have reliable mass estimates: U Sco, with a WD mass of
1.55 £ 0.24 M, (Thoroughgood et al. 2001), and CI Agl, with 1.00 £ 0.14 M (Sahman et al.
2013). Observationally, little is known about the formation of massive WDs in binaries, so it
is unclear if these high masses indicate that the WDs have accumulated mass. Recurrent nova
eruptions may in fact be caused by instabilities in the accretion discs, leading to periodic accretion
at the steady-burning rate, during which the WDs do grow in mass (Alexander et al. 2011). Then
again, Hachisu & Kato (2012) point out that it is unclear if steady burning can ignite for such
short accretion episodes.

Yet another view is that recurrent novae are systems in which the WD mass is decreasing with
time and which will thus never become SNe Ia (Patterson et al. 2013, Schaefer 2013; and see
below). As noted, there are few known recurrent novae and even fewer that have had well-studied
multiple outbursts. The debate regarding their being SN Ia progenitors has therefore focused on
individual objects and on individual outbursts.
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For example, after the latest outburst of U Sco in 2010 (e.g., Schaefer et al. 2010), Schaefer
(2013) deduces, based on the period change, that much more material was ejected than had been
previously accreted, challenging the idea of WD mass growth (e.g., Diaz et al. 2010). Whether
or not the massive WD has a C/O composition (as required of a SN Ia) or an O-Ne one, is also
debated (e.g., Kato & Hachisu 2012, Mason 2013). RS Oph is a symbiotic binary consisting of a
massive WD and a red giant in a 454-day orbit (see Kato & Hachisu 2012 and references therein).
Its latest outburst in 2006, from which Hachisu et al. (2006) infer a high WD mass, also revealed
a shock from the interaction of the ejecta with the red-giant wind (Sokoloski et al. 2006) and
radio emission suggested the launch of a jet (Rupen, Mioduszewski & Sokoloski 2008). Patat et al.
(2011) studied the evolution of the absorption features and find similarities with those found in
the spectra of some SNe Ia (see Section 3.3.8). T Pyx is a short-period system (P = 1.8 h; Uthas,
Knigge & Steeghs 2010), which implies a low donor mass (if it is to fit in the Roche lobe at this
period), and is more typical of systems harboring classical novae; its most recent outburst was in
2011. Schaefer, Pagnotta & Shara (2010) suggest a high mass-transfer rate that would imply a
high WD mass. However, Uthas, Knigge & Steeghs (2010) derive a mass ratio of 0.2, which for
a realistic donor mass implies a WD mass of only 0.7 M. In any case, Selvelli et al. (2008) and
Patterson et al. (2013) conclude that this system, again, is ejecting more mass than it accretes. T
CrB is another wide symbiotic recurrent nova with two known outbursts (see Anupama 2013), for
which Luna, Sokoloski & Mukai (2008) argue a high WD mass based on the detection of hard
X-ray emission. V407 Cyg is formally not a recurrent nova, as only one nova outburst (in 2010)
has been observed, but the similarity of the eruption to that of RS Oph (e.g., Shore et al. 2011)
implies a massive WD (Hachisu & Kato 2012, Nelson et al. 2012). By contrast, Chomiuk et al.
(2012a) use extensive radio observations to argue that the environment of V407 Cyg is not one
typical of SNe Ia.

Could recurrent novae be the phase during which accreting WDs achieve a significant fraction
of their growth toward My, and explosion as SNe Ia? The answer is no, unless the number of recur-
rent novae is orders of magnitude larger than estimated. Beyond the 10 known systems, Schaefer
(2010) estimates that as many as 60—100 Galactic sources that have been classified as classical
novae are, in reality, recurrent novae whose repeated outbursts have been missed. Furthermore,
his analysis of the Galactic spatial distribution of both types of novae suggests that their true num-
bers are several times larger than the numbers currently known. Thus, the Galactic population
of recurrent novae could conceivably number ~300. However, to get a Galactic SN Ia rate of at
least once per 200 years (see Section 3.5.7) and have the systems accrete at the very least ~0.2 Mg

1 over

at the limiting accretion rate onto a WD for a recurrent nova, of M < 3 x 1077 M, year™
3,300 systems are needed. The recurrent nova phase can constitute S9% of the time of the final
0.2 Mg of WD mass growth. If we consider a more realistic 0.4—0.9-Mg, mass gain required of
C/0O WDs (which have masses of ~0.5-1 M) in order to reach My, then only 2-5% of that mass

gain can take place during recurrent nova phases.

3.1.2. Supersoft X-ray sources. In the evolutionary scenario proposed by Hachisu, Kato
& Nomoto (1999), the recurrent nova phase, with accretion rates estimated at M ~ 1-3 x
1077 M, year™!, follows a phase when a SD progenitor system is a supersoft X-ray source, grow-
ing via a larger accretion rate, M ~ 3—6 x 1077 M, year~'. The high accretion rate (and hence
temperature), compared with those of novae, lifts the degeneracy of the accreted hydrogen layer,
and it burns stably to helium on the WD surface.

Observationally, “persistent” or “permanent” supersoft X-ray sources are identified, as their
name implies, by their soft X-ray spectra, peaking at 30-100 eV, with typical luminosities of
10*7-38 erg s71. Optical and X-ray follow-up of the best-studied of these objects (e.g., Lanz et al.
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2005, Rajoelimanana et al. 2013) has shown that they indeed consist of a hot WD in a close orbit
with a nondegenerate donor, where hydrogen accreted from the donor, at roughly the above rates,
burns more or less stably into helium on the WD surface (van den Heuvel et al. 1992). However,
not all supersoft source spectra are easily interpreted in this way, as some show P-Cygni profiles
indicative of a wind rather than a WD atmosphere (Bearda et al. 2002). Because of interstellar
absorption of their soft X-ray spectrum, supersoft sources have been discovered mainly in external
nearby galaxies. Only two are known in the Galaxy (MR Vel and Q And; e.g., Simon 2003), but
there are 15 in the Magellanic Clouds and of order 10 in M31 (Orio et al. 2010). Classical and re-
current novae, discussed in Section 3.1.1 above, also have supersoft phases, but these are transient,
occurring after their outbursts, and lasting on the order of a month. As a result, only a minority
of the supersoft sources that turn up in X-ray surveys of nearby galaxies are of the persistent kind,
rather than being the transient supersoft phases of postoutburst novae (Orio et al. 2010).

Because the persistent supersoft X-ray sources in an ~L« galaxy such as M31 again number
only in the few tens of objects, the same argument, used above in the case of recurrent novae, holds
as well: If supersoft sources are accreting WDs growing toward Mcy, and such SD systems are to
explain the bulk of the SN Ia rate, then <1% of the WD’s growth time is spent in this phase. This
is an order of magnitude less than the mean ~5% fraction of the time in the supersoft phase that
is found by model calculations (Meng & Yang 2011). This paucity of supersoft sources has been
pointed out by Di Stefano (2010), based on the numbers of such sources observed in six nearby
galaxies, and by Gilfanov & Bogdin (2010), based on the integrated X-ray flux observed from
nearby elliptical galaxies. Hachisu, Kato & Nomoto (2010) and Meng & Yang (2011) (see also
Lipunov, Panchenko & Pruzhinskaya 2011) countered that the nuclear-burning accreting WDs
spend the majority of the time in a third possible phase, hidden within optically thick outflows (e.g.,
Nielsen etal. 2013, Wheeler & Pooley 2013, Woods & Gilfanov 2013). We discuss this possibility
in Section 3.1.3. Although proto-DD systems, at the time that only the first WD has formed, may
also undergo mass transfer and a SD-like supersoft phase, its duration is much shorter than in SD
progenitor systems (Nielsen et al. 2014). As a result, fewer supersoft sources are expected in the
DD scenario by at least an order of magnitude, and this is consistent with their observed rarity.
Considering also the delay, between the supersoft phase of proto-DD systems and the eventual
WD merger and SN Ia explosion, further lowers the number of expected supersoft sources from
DD progenitors.

3.1.3. Rapidly accreting white dwarfs. As noted above, Hachisu, Kato & Nomoto (1996, 1999)
proposed that the rapid accretion phase is self-regulated by an optically thick wind. The wind
drives away the excess mass, effectively keeping the WD growth and the stable nuclear burning on
the WD surface at the same rates as during the supersoft phase (but see Idan, Shaviv & Shaviv 2013;
and see Section 2.1, above). The excess mass that is blown off the WD could create an optically
thick photosphere that reprocesses the X-rays to UV emission. Nielsen et al. (2013), Nomoto
et al. (2007), Wheeler & Pooley (2013), and Lepo & van Kerkwijk (2013) consider the possible
appearances of such “rapidly accreting WDs” and argue that they might appear as undersized OB
stars, i.e., with effective temperatures of 10*+*°K, but with sizes of only a few R, dictated by the
WD’s Roche-lobe radius. Another possibility is an appearance similar to Wolf-Rayet (WR) stars
or WR planetary nebulae.

Among the objects possibly considered to be such rapidly accreting WDs are V-Sagittae-
type nova-like cataclysmic variables, a class consisting of a handful of known objects (Steiner &
Diaz 1998). The prototype, V Sge, is a double-lined eclipsing binary with a rich high-ionization
emission-line spectrum, a period of 0.5 day, quasi-periodic high and low states lasting ~180 days,
and supersoft X-ray emission in its low state. Hachisu & Kato (2003a) have modeled V Sge as
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a 1.25-My WD accreting at a high rate from a Roche-lobe-filling ~3-Mg companion. Other
moderately well-studied objects in the V Sge class are RX 0513.9-6950 (Hachisu & Kato 2003b)
and QU Car (Kafka, Honeycutt & Williams 2012). A different type of object that could be a
rapidly accreting WD is the peculiar planetary nebula LMC N66 in the Large Magellanic Cloud
(LMC), whose WR-like core has undergone two optical outbursts over the past 60 years, each
lasting several years, during which its luminosity was comparable to WN-type WR stars. There
is no evidence yet for binarity in LMC N66, and no X-ray emission has been detected. Hamann
etal. (2003) have modeled it, again, as a WD with mass inflow from a companion at rates of 1076
to 10~ Mg, year™! during its low and high states.

Lepo & van Kerkwijk (2013) performed a search in the Small Magellanic Cloud for the ~100
rapidly accreting WD systems that are expected there, if such progenitors are to produce the
bulk of the SN Ia rate. They obtained optical spectra for about 750 sources, selected to be UV-
bright at 1,600 A and to have unusual optical colors. They failed to find any object with unusual
spectral signatures such as strong Hell lines, or with optical variability, based on the long-term
OGLE monitoring database (Udalski, Kubiak & Szymanski 1997). From this, they deducea <10 %
contribution to the SN Ia progenitor population of systems that are similar to LMC N66 or to
WR stars. The color selection of targets employed by Lepo & van Kerkwijk (2013) included only
a limited number of objects with colors similar to V Sge, and therefore such systems cannot yet
be ruled out as SN Ia progenitors by this experiment.

Taking a more integral approach, Woods & Gilfanov (2013) argue that, in any scenario where
the X-ray emission from nuclear-burning WDs is shielded by 7 = 10°°K photospheres, the
emerging UV radiation will still be quite hard and capable of ionizing interstellar He atoms. In
elliptical galaxies, a substantial mass of extended neutral hydrogen is often detected as well as
diffuse regions of low-ionization line emission, which is thought to arise through ionization of
some of the gas by evolved stars. The integrated radiation from a population of rapidly accreting
WDs could lead to ionization of some of the He in this gas to He’* and to a detectable signal
of diffuse Hell 24686 recombination line emission. Woods & Gilfanov (2013) combine stellar
spectral synthesis models with photoionization models to calculate the line emission as a function
of galaxy age, gas covering fraction, and WD photospheric temperature. They predict, for an
elliptical galaxy with a SD-dominated progenitor population with 7' = 2 x 10°K photospheres, a
typical line equivalent width of a few tenths of an angstrom. In the absence of nuclear-burning SD
systems, with ionization only by evolved stellar populations, a line flux one order of magnitude
lower is expected. Woods & Gilfanov (2014) extend these predictions to excitation of forbidden
emission lines of C, N, and O by nuclear-burning WDs with photospheres in the upper part of
the T = 10°°K range. Johansson, Woods & Gilfanov (2014) searched for the Hell 14686 signal
in high-signal-to-noise stacks of 11,600 Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009)
spectra of early-type galaxies. The galaxies are selected to have weak but measurable line emission
in order to include galaxies with gas, but to exclude, on the basis of line diagnostics, galaxies with
ongoing star formation or with active nuclei. In all four galaxy age-group stacks that they produce,
they detect Hell A4686 emission only at the level expected from ionization by the known evolved
stellar populations, but not from ionization by rapidly accreting WDs. This sets a 10% upper limit
on the contribution to the SN Ia rate by rapidly accreting WDs.

3.1.4. Helium-rich donors. No clear-cut cases are known of systems that could be SN Ia
progenitors through the He-rich SD donor channel. However, the only known He nova, V445
Pup, shows a preoutburst magnitude (Ashok & Banerjee 2003) that suggests it is a WD accreting
from an evolved He star (Kato et al. 2008, Woudt et al. 2009). Modeling the nova outburst, Kato
et al. (2008) find a high WD mass, but the predicted distance disagrees somewhat with the one
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determined from the expansion parallax of the bipolar outflow from Woudt et al. (2009). At least
one case is known of a close detached binary consisting of a C/O pre-WD and a lower-mass
He star, CD-30° 11223 (Geier et al. 2013). Its future helium accretion rate is expected to be in
the right range to set off an edge-lit detonation, possibly leading to a double-detonation SN Ia
(Yungelson 2008; see Section 2.4). The same could be true for some fraction of the so-called AM
CVn systems, a class of objects in which a WD accretes helium from a very low-mass companion
[see Solheim (2010) for a review], although the majority of the observed systems have evolved to
too-low mass transfer rates for a double detonation.

3.1.5. Binary white dwarfs. As a test of the DD scenario, one can search our Galactic Neigh-
borhood within a few kiloparsecs of the Sun for short-period WD binaries whose orbits will grav-
itationally decay and merge within, say, a Hubble time, surpassing (or not) the Chandrasekhar
mass and perhaps thus producing SNe Ia. For the classic DD scenario to work, the Galactic SN
Ia rate should match the WD merger rate (or some fraction of it involving mergers of the suitable
masses). For the range of masses of WDs with a C/O composition, 0.5 —1.0 Mg, pairs merging
within a Hubble time will have separations of # < 0.015 AU, orbital periods of P < 12 h, and
circular orbital velocities of v > 100 km s~ .

Marsh (2011) and Kaplan, Bildsten & Steinfadt (2012) present recent compilations from
searches for binary WDs. In the current century, the first large survey to search systematically for
such WD pairs was SPY (ESO SN Ia Progenitor surveY; Napiwotzki et al. 2004, Nelemans et al.
2005, Geier et al. 2007). SPY obtained high-resolution [~2 km s~! radial velocity (RV) resolution]
VLT spectra for a sample of ~1,000 WDs, with two epochs per target, separated by at least one
day. Given the <12-h periods of close WD binaries, this essentially gives two samplings at random
phases in the orbit. They searched for RV variations between epochs that could result from the
motion of an observed WD about a binary center of mass. [Note thata WD’s luminosity can have
a large range, depending on the WD effective temperature, which decreases with WD age, and
on its surface area, which decreases with increasing WD mass. Therefore, in a WD binary, one
of the WDs, not necessarily the least or more massive one, will often be much fainter than the
other WD and thus will remain undetected.] Candidate systems discovered by the survey were
then followed up to obtain RV curves and constraints on the binary parameters. SPY discovered
~100 candidate binary WDs, and among the ~10 systems for which parameters are measured, a
handful will merge within a Hubble time. None of these future mergers have total masses Mo
that are unambiguously above My, although for one system (WD 2020-425) the masses are dif-
ficult to measure and the best estimate is M, = 1.35 My (Napiwotzki et al. 2007). Then again,
Mor > My may not necessarily be a precondition for a DD-scenario SN Ia (see Sections 2.2 and
2.4, above). Furthermore, a statistical interpretation of these results that accounts for the selection
effects and efficiencies of the survey is still lacking. It is therefore yet unclear what these results
imply for the merger rate of WDs in general and for M., > Mcp mergers in particular.

A number of tight binaries, found by other searches, some that are not quite yet bona fide
double WD systems, may possibly become M, > Mcn, Hubble-time-merging, WD systems
(Maxted, Marsh & North 2000; Geier et al. 2007, 2010; Rodriguez-Gil et al. 2010; Tovmassian
etal. 2010). Brown etal. (2011) have even discovered a binary WD system with a 13-min orbit that
will merge within <1 Myr, and Hermes et al. (2012) have detected, over an ~1-year baseline, the
gravitational decay of its orbit. However, with component WD masses of only 0.26 and 0.50 M,
this merger is unlikely to result in a SN Ia.

In terms of analysis of the observed binary WD population, Nelemans, Yungelson & Portegies
Zwart (2001), and Toonen, Nelemans & Portegies Zwart (2012) used BPS to simulate, under the
various parameterizations for the physics of the common-envelope phase, the properties of WD
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binaries that would be observed, such as masses and periods. They compare them qualitatively to
the masses and periods of a compilation of known binary WD systems, as well as quantitatively with
the WD space density and WD production rate, finding reasonable correspondence. The Galactic
WD merger rates indicated by these BPS models, 1-2 x 102 year™! (or ~2—3 x 10~ year™' M!
for a Milky Way stellar mass of 6 x 10'° M), agree with other BPS studies (e.g., Iben, Tutukov
& Yungelson 1997; Han 1998). This merger rate is similar to recent estimates of the SN Ia rate
per unit mass in Sbe-type galaxies of Milky-Way mass, ~1 x 107" year™ M7 (Mannucci et al.
2005, Lietal. 2011b; see Section 3.5.7 below). However, only about one-third of the BPS mergers
involve two C/O WDs, and an even smaller fraction have M, > Mcy. Among known binary
WDs, indeed only a handful are C/O + C/O, but this is partly due to the fact that some surveys are
designed specifically to discover low-mass WD binaries (e.g., Kilic et al. 2012). The merger rates
predicted by BPS thus may or may not be at the level required to explain SN Ia rates, depending
on the ranges of M, assumed to lead to a SN Ia. More on this issue in Section 3.5.10 below.

Badenes etal. (2009) have been searching for close binary WDs among the spectra in the SDSS.

The large number of WDs in SDSS, and the fact that SDSS spectra are always split into at least
two subexposures separated by at least 30 min, make this possible. The ~70-km-s~! RV resolution
possible with SDSS spectra of WDs (the resolution varies with WD type and brightness) permits
discovering candidate short-period WD binaries. The observed distribution of maximum RV
differences between any two epochs, Ary max, can be compared to model distributions predicted
for a range of binary population parameters (Maoz, Badenes & Bickerton 2012). Badenes & Maoz
(2012) have applied the method to a sample of 4,000 DA-type WDs in SDSS with the best signal-
to-noise ratio. The model combinations of binary fraction and separation-distribution parameters
that are consistent with the observed Ay m,y distribution have a WD merger rate, per unit stellar
mass (the analysis naturally gives the specific merger rate per WD, i.e., the reciprocal of the mean
time until merger; this can be converted to a rate per unit stellar mass, using estimates for the stellar
mass density and the WD number density in the Solar Neighborhood) of ~1 x 10713 year~! M,
which is a bit below the BPS estimates and again quite similar to the expected SN Ia rate per
unit mass in the Milky Way. The fraction of M., > Mcy mergers is unconstrained by these
observations— ARy p,y is sensitive foremost to the WD separation rather than to M. As noted
above, on the basis of known double WD systems and from BPS calculations, the fraction may be
small, but My, > My may not be required for a SN Ia.
3.1.6. Rapidly rotating massive white dwarfs. In the various spin-up/spin-down scenarios (see
Section 2, above), one could expect the existence of a progenitor population of rapidly rotating,
super-Mc, WDs, with rotation periods on the order of 10 seconds, either single or in postinter-
action binaries. To achieve stability at significantly super-Mcy, masses, the WDs would need to
have differential rotation profiles.

WD rotation is difficult to measure but, with few or no exceptions, WDs with measured
rotations are observed to spin extremely slowly (see, e.g., Kawaler 2004). The typical period is
~1 day, and most periods range from a few hours to a few days. For example, Berger et al. (2005),
using the core of the Call K line to measure rotational broadening in 38 DAZ-type WDs, find a
projected rotation velocity v, sini < 30 km s! and typically just a fraction of this velocity. This
shows that there is efficient radial angular momentum transport in WDs, at least between the
core and the pre-WD envelope, or that the WDs were formed slowly spinning (Spruit 1998, Suijs
et al. 2008). Charpinet, Fontaine & Brassard (2009) and Fontaine, Brassard & Charpinet (2013)
use asteroseismology to measure the inner rotation profiles of four newly formed pulsating WDs
of the GW Vir class. They find slow, solid-body rotation throughout ~99% of the WD mass.
Although still few, these cases suggest strong coupling and efficient angular-momentum transfer
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between the layers of the WD, which again argues against the differential WD rotation that is
essential for the spin-up/spin-down scenario. Cérsico et al. (2011), applying the same methods
to another GW-Vir-type WD, find that the WD core may be spinning up to four times faster
than the surface, but within the uncertainties, solid-body rotation cannot be excluded in this
case.

Magnetic fields in WDs are also difficult to measure, unless the fields are strong. Some 10-20%
of WDs have fields of 10*-10° G (Kawka et al. 2007), and ~10% have 10°~10* G (Jordan et al.
2007, Landstreet et al. 2012). Nordhaus et al. (2011), Tout et al. (2008), and Garcia-Berro et al.
(2012) argue that strong magnetic fields in WDs are always the result of binary interactions, be
it through accretion, common-envelope evolution, or mergers. In magnetic WDs, photometric
variability due to spots and nonuniform dichroic polarization open two additional avenues to
measure rotation. Although magnetic WDs tend to be significantly more massive than normal
WDs (e.g., Kepler et al. 2013), they rotate just as slowly (Kawaler 2004), suggesting that WDs are
unable to spin persistently, even after binary interactions. Several cases of nonvariable magnetic
WDs, suspected as possibly unrecognized fast rotators, have been shown actually to be very slow
rotators (Friedrich & Jordan 2001, Beuermann & Reinsch 2002). However, Boshkayev etal. (2013)
propose that soft-gamma-ray repeaters and anomalous X-ray pulsars could actually be massive,
rapidly rotating, magnetic WDs.

If spin-up/spin-down is a dominant SN Ia progenitor channel, we can estimate the number of
WDs in Solar-Neighborhood samples that could reveal evidence of being such progenitors, again
using a SN Ia rate per unit mass in Sbc spirals of Milky Way mass, 1 x 1013 year~! M!. The local
stellar density is 0.085 M, pc=* (McMillan 2011). If spin-down requires a Hubble time to occur,
there should be, within a distance of 100 pc, about 400 WDs with super-Mc;, masses and rotations
on the order of 1,000 km s~!. If spin-down and explosion occur on timescales of <108 year, only
about four such nearby fast rotators are expected. Nonetheless, in the latter case, being young and
hence hot and luminous, they should still be quite conspicuous (Di Stefano, Voss & Claeys 2011).
Upcoming large and complete WD samples, such as those that will be discovered by Gaia, will
further test this scenario.

3.2. Pre-Explosion Evidence

The most direct way to resolve the progenitor problem would be to see the progenitor system of an
actual SN Ia before it exploded. Unfortunately, and contrary to the situation for CC SNe, where
a good number of progenitor stars have been identified in pre-explosion images (see review by
Smartt 2009), no such progenitor has ever been convincingly detected for a SN Ia. Pre-explosion
optical images for several Virgo-distance SNe Ia, at the pre-explosion sites, have set upper limits
on progenitor luminosities, corresponding to supergiants evolved from stars of initial mass 28 Mg,
(Maoz & Mannucci 2008; Nelemans et al. 2008; Voss & Nelemans 2008; Graur & Maoz 2012a,b;
see also summary by Li et al. 2011a). Nielsen, Voss & Nelemans (2012, 2013) place upper limits
on the pre-explosion progenitor X-ray luminosities at the sites of 13 nearby SNe Ia, in several
cases limits that are comparable to the luminosities of supersoft X-ray sources. Voss & Nelemans
(2008) did find a possible pre-explosion X-ray source at the site of SN Ia 2007on. However, the
best-fit position of the X-ray source (based on 14 photons) is offset by 1.1 arcsec from the optical
SN position, making this detection ambiguous. However, the source was not detected after the
event (albeit in shallower images) and chance alignment of such a soft source, that almost certainly
originates in the same galaxy as the SN, is unlikely as well (Roelofs et al. 2008).

The strongest pre-explosion limit on the presence of a SD donor star was set in the case of SN
2011fe in the nearby (6.4 Mpc; Shappee et al. 2011) galaxy M101. Being the nearest SN Ia event
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in 25 years, and having been discovered very early, SN 2011fe was extremely well studied and
has permitted many tests relevant to the progenitor question (see Chomiuk 2013 and Kasen &
Nugent 2013 for reviews). SN 2011fe was about as typical as a SN Ia can be, in all of its observed
characteristics (Mazzali et al. 2014), making it particularly relevant for addressing the question
of the progenitors of SNe Ia, as a population. As a final bonus, it had negligible Milky Way and
intrinsic line-of-sight extinction (Nugent et al. 2011).

Li et al. (2011a) analyze deep (20 -limiting Vega magnitudes ~27-28) pre-explosion Hubble
Space Telescope (HST) images of the site of the event in four optical bands, corresponding roughly
to B, V, I (all from 2002), and R (from 1998). They used adaptive-optics imaging of the SN, obtained
with the Keck II telescope, to determine the SN location on the HST images to 21-mas precision.
Spitzer Space Telescope images at 3.6 pm to 8 um, and 142 ks of Chandra X-ray Observatory images
in the 0.3-8 keV band, both from 2004, were also examined. No source was detected at the SN
position. In addition, they searched about 3,000 epochs of shallower, ground-based, monitoring
data of M101 from 12 years preceding the explosion. These data set optical flux limits, reaching
~20-23.5 mag, on any pre-SN variable or transient events at the SN location.

From the HST data, Li etal. (2011a) strongly rule out the presence of a red giant at the location
of the SN in the decade prior to the explosion. Also excluded are any stars more massive than
3.5 M that have evolved off the main sequence. Two Galactic symbiotic recurrent novae, RS
Oph and T CrB, would have been detected in the data if placed, at their quiescent luminosities, at
the distance of M101. The “helium nova” V445 Pup in quiescence, where the donor is a He star,
would have likewise been detected in the HST data. Conversely, main-sequence and subgiant
donors with masses below 3.5 My, are allowed, and a system like the recurrent nova U Sco, in
which the donor is a main-sequence star, would be undetected in quiescence. Figure 1 shows
these results.

Lietal. (2011a) found that a pre-explosion eruption at the site of SN 2011fe, with a luminosity
typical of nova outbursts, could have been detected by the decade of optical monitoring data, but
there is a 37% probability that such an eruption would have been missed, given the actual cadence
of those observations. Analysis of the X-ray data sets an upper limit on the pre-explosion bolometric
X-ray luminosity of (4-25) x 10° erg s~! (depending on the assumed spectrum). Nielsen, Voss
& Nelemans (2012) use a deeper stack of 800-ks Chandra data to set a somewhat stronger X-ray
upper limit in the case of SN 2012fe. A weaker limit was set by Liu et al. (2012a) on the basis of
these Chandra data, but Nielsen, Voss & Nelemans (2012) point out possible errors in the analysis.
In any event, the X-ray data rule out the pre-explosion presence, at the location of SN 2011fe, of
typical persistent supersoft X-ray sources, but allow the presence of somewhat fainter ones.

Shara etal. (2013) imaged M 101 with HST, including the location of SN 201 1fe, in 2010, about
1 year prior to the event, in a narrow band centered on the Hell 14686 line. The hard photon flux
from a nuclear-burning accreting WD (see Section 3.1.3) should, in principle, produce a 1-30-
parsec-sized (i.e., unresolved or resolved, depending on the outflow rate and the surrounding gas
density) Herr Stromgren sphere or shell in the ISM of the galaxy (Rappaport et al. 1994). Graur,
Maoz & Shara (2014) use the HST data to set a 20 upper limit of Ly < 3.4 x 10°** erg s™! on
the pre-explosion Hell line luminosity at the SN position for an unresolved Helll region. From
photoionization models for a supersoft X-ray source ionizing a surrounding ISM (Rappaport
et al. 1994), the results imply a limit on the X-ray luminosity of L, < 3 x 10°7 erg s~'. For
rapidly accreting WDs, the data exclude wind-blown shells with inner radii 2—6 pc. As opposed
to the limits based on direct X-ray observations, detailed above, on the presence of supersoft
progenitors during the decade before the explosion, the Hell line emission limit is an indicator of
the mean ionizing luminosity over ~10° years (the Helll region’s recombination time) prior to the
explosion.
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Figure 1

Hertzsprung-Russell diagram (absolute /" magnitude versus effective temperature) showing the 2o upper
limits (thick yellow line) on the presence of progenitors in pre-explosion Hubble Space Telescope images of SN
2011fe in M101, from Li et al. (2011a). Also shown are theoretical evolution tracks of isolated stars with a
range of masses, theoretical location of a SD He-star donor, and location on the diagram of several known
recurrent novae. The data rule out red giants, and any evolved star more massive than 3.5 M, as well as the
recurrent nova systems above the limit. Gray curve is the corresponding limit by Maoz & Mannucci (2008)
for the more distant SN 2006dd. Reproduced by permission of Nature publishing group.

However, there is only one known case, CAL 83, of a supersoft X-ray source that has a detected
ionization nebula, whereas nine others that have been searched for such extended line emission
have yielded only upper limits, at luminosity levels an order of magnitude lower than that of
CAL 83 (Remillard, Rappaport & Macri 1995). Furthermore, the X-ray luminosity of CAL 83
is L, = 3 x 10%7 erg s, but its Hell line luminosity is only Ly &~ 2 x 10** erg s7!, an order
of magnitude below model expectations (Gruyters et al. 2012). Contrary to the Ho and [Or11]
emission, which is roughly symmetrical around the source, the Hell emission is concentrated on
one side within ~1 pc. The reasons for the discrepancy between the observed supersoft ionization
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nebula luminosities and model expectations are unclear, but, in any case, a Helll region as faint as
seen in CAL 83 would be undetected in the HST M101 data at the site of SN 2011fe.

In summary, the pre-explosion data for SN 2011fe rule out SD systems with red giant and
He-star donors, bright supersoft X-ray sources, and accreting WDs that produce significant Hell
ISM ionization, but allow main-sequence and subgiant SD donors and faint supersoft sources.
DD progenitors are of course not limited by these data, nor are spin-up/spin-down models with
long delays between the end of accretion and explosion.

A SN Ia even nearer than SN 2011fe was discovered early in 2014: SN 2014J in M82, at a
distance of only 3.5 Mpc, although with several magnitudes of extinction by dust. Kelly et al.
(2014) again use pre-explosion HST images in B through H bands to limit the presence of a
red giant donor star. Nielsen et al. (2014) use pre-explosion Chandra observations to rule out a
supersoft X-ray source. However, because of the large absorbing column density, a cool supersoft
source with £7 < 80 eV cannot be excluded.

3.3. Clues from During the Supernova Events

The observed characteristics of the emission of a SN Ia explosion itself, at various wavelengths
and times, contain information on the exploding system, including its progenitor aspect. We now
review this approach to the progenitor problem.

3.3.1. Early light curve and spectral evolution. Among the clues to the progenitor that, in
principle, can be obtained from observables obtained during a SN event itself, the early devel-
opment of the light curve and the spectra can be particularly revealing. The early light-curve
evolution of a SN Ia, starting from the time of explosion, has been recently studied in a number of
theory papers (Hoflich & Schaefer 2009; Kasen 2010; Nakar & Sari 2010, 2012; Piro, Chang &
Weinberg 2010; Rabinak & Waxman 2011; Piro & Nakar 2012, 2013; Rabinak, Livne & Waxman
2012). Briefly, the expected behavior is as follows.

Assuming that the explosion, which begins near the center of the WD, at some point expands
outward as a supersonic detonation (see Section 3.3.4, below), the shock wave propagates toward
the surface, heating and igniting the WD material and giving it an outward bulk velocity. The
shock propagates most of the way at ~10* km s~!, approaching the surface after ~1 s. The shock
accelerates to relativistic velocities in the dropping density profile near the WD surface. When
~ 10%4 erg,

constituting “shock breakout” (Nakar & Sari 2012). Following breakout, the radiation emerging

it emerges, it produces a millisecond-timescale gamma-ray flash of energy E,

from the explosion comes from the matter that is outside of a “diffusion front,” advancing from
the surface into the expanding ejecta below it. The radius of the diffusion front is defined by the
diffusion time of photons through the outer envelope, at the time of observation. The expanding
shock-heated ejecta quickly cools adiabatically. In the outer regions, where pressure is radiation
dominated, the temperature decreases with growing radius R as T o« R™!, whereas in the inner
matter-dominated regions, the cooling is faster, 7 o« R~2. The luminosity drops steeply for about
1 s after breakout until the diffusion front reaches material with subrelativistic bulk velocity. From
this point on, the escaping bolometric luminosity initially falls with time as Lyo ~ ¢+ while the
effective temperature observed in the ejecta falls as Ty ~ 70,

The peak of the spectral energy distribution thus transits within minutes from gamma rays and
X-rays to the UV band. Optical-UV-band observations will, at first, be on the Rayleigh-Jeans side
of this thermal spectrum and will therefore see an optical luminosity that rises as Loy ~ ¢, peaks
after ~1,000 s at Loy ~ 10%? erg s7!, and then falls as the Wien peak enters the bandpass. After
a time that is proportional to the initial stellar radius (~1 hr in the case of a WD), the diffusion
front has traversed the outer ~10~* My, of the WD mass and enters the cooler, matter-dominated
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region of the adiabatically expanding shock-heated ejecta, and therefore there is a sharp drop-off
in luminosity (Rabinak, Livne & Waxman 2012). The luminosity may drop below detection limits,
initiating a “dark phase” in the light curve, lasting until photons powered by radioactive decay can
diffuse to the surface. This dark phase can last up to a few days, depending on the depth of the
radioactive material.

As the diffusion front enters the ejecta, the material contributing to the observed luminosity
includes progressively larger amounts of *Ni from the explosion. The energy from the gamma
rays formed by the radioactive decay of **Ni diffuses through the line-blanketed ejecta and emerges
in the optical. This causes the classic observed rise in the optical light curve, all the way until the
peak of the bolometric light curve at ~18 days, which occurs roughly when the diffusion front has

traversed all of the ejecta (and therefore the luminosity from all of the *¢

Ni is observable). Beyond
maximum light, the fall of the light curve is determined by the exponentially decreasing number
of **Ni nuclei and their radioactive **Co daughter nuclei, the changing UV opacity of the ejecta,
and the increasing fraction of gamma rays and positrons that can escape the remnant owing to the
falling density.

Observations of the early light curve of any type of SN can provide constraints on the progenitor
in several ways. First, the time between explosion and shock breakout, presuming the epoch of the
explosion can be estimated, provides a measurement of the pre-explosion radius of the exploding
star. (Shock breakout has been seen, to date, in several CC SNe; see, e.g., Tominaga et al. 2011).
Nondetection of the postbreakout thermal emission from shock-heated material can also set upper
limits on the pre-explosion radius, as further detailed below. Second, the observed time dependence
of the **Ni-powered rise indicates the amount of **Ni as a function of depth into the ejecta and
can thus constrain the ignition and combustion scenarios, and the amount of mixing in the ejecta.
Third, in any configuration of accretion onto a WD via Roche-lobe overflow from a donor star,
the L1 Lagrange point, and hence the donor, will be within a few donor-star radii of the explosion.
Impact of the ejecta on the donor is therefore expected within minutes to hours (for main-sequence
and giant donors, respectively). The consequences of the impact should be visible for up to a few
days. This third possibility is discussed in Section 3.3.2 below.

The actual gamma-ray flash of the shock breakout in a SN Ia is expected to be too dim, too
brief, and at too-high photon energies to be detected anywhere but in our Galaxy and perhaps in
the Magellanic Clouds. However, the UV/optical emission from the adiabatically cooling, shock-

heated, ejecta, on timescales <1 hr, as well as the earliest parts of the %

Ni-powered light curve,
is detectable in more distant events. Among the best observations to date, in this context, have
again been those of SN 2011fe, which was detected 18 days before maximum light and was quickly
followed up in many wavebands. Nugent etal. (2011) found that the g-band luminosity of the event
is well fit by a L, o #* dependence. Such a dependence has often been used to characterize the
6Ni-powered phase of the light curve, both theoretically, under some simplifying assumptions
(Arnett 1982), and observationally (e.g., Hayden et al. 2010b, who found #'8£%? by fitting the
average light curves of SDSS-II SNe). Assuming also that this dependence can be extrapolated
back in time, the actual time of explosion was determined by Nugent et al. (2011) to £ 20 min
accuracy. They argued that their earliest detection of the SN, corresponding to 0.5 day after the
derived explosion time, was already dominated by the **Ni-powered rise and was therefore past the
shock-heated phase of the light curve. By comparing their photometry to models by Piro, Chang
& Weinberg (2010), Kasen (2010), and Rabinak & Waxman (2011), they translate the limit on the
duration of the shock-heated phase to a limit on the radius of the exploding star of R, < 0.1 Rg,.
Bloom et al. (2012) use upper limits on the observed luminosity from a nondetection at the SN
location obtained 8 h earlier, i.e., just 4 h after the presumed explosion time (see Figure 2), to
argue that the light curve was past the point of the drop-off in the shock-heated phase, occurring
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— Rabinak & Waxman 2011
=== Kasen 2010
""" Piro etal. 2010

g-band absolute magnitude

Days since explosion

Figure 2

Early optical light curve for SN 2011fe compared with theoretical models. The two detections are from
Nugent et al. (2011), and the 5o upper limit is from Bloom et al. (2012). Black dotted curve shows the #*
dependence due to radioactive heating expected in the simplified “fireball” approximation. The Rabinak &
Waxman (2011) and Piro, Chang & Weinberg (2010) models are for the shock-heated luminosity from an
object of a given radius, as marked. Kasen (2010) models are for a shock impacting a companion (see
Section 3.3.2 below), with R being the separation distance, for the case of an observer aligned with the
collision axis. The data indicate both a small exploding star and the absence of a shocked companion, but
details depend on the assumed time of explosion. Reprinted from Bloom et al. (2012) with permission of the

AAS.

when the diffusion front reaches the shells with gas-dominated pressure. This strengthened the
limit on the initial stellar radius to R, < 0.02 Rg. Setting aside, for a moment, the progenitor
scenarios being discussed in this review (SD, DD, etc.), these limits are particularly interesting,
as they constitute the most direct evidence that the exploding object in a SN Ia is, in fact, a WD.

However, Piro & Nakar (2013, 2014) and Mazzali et al. (2014) question the accuracy of these
conclusions. Piro & Nakar (2013) show that, in general for a SN Ia, the Loy, o #* “fireball model”
dependence is not expected under realistic conditions for the photospheric velocity (assumed to be
constant in time in the fireball model) and for the radial distribution of **Ni in the ejecta [assumed
to be uniform by Nugent et al. (2011)]. Piro & Nakar (2013) show that, for a range of possible
conditions, the light curve is poorly approximated by a single power law, and the back-extrapolated
Loy o t* dependence of the optical luminosity does not necessarily give the correct explosion time.
Piro & Nakar (2014) fit the observed photospheric velocity evolution in SN 2011fe (as measured
by Parrent etal. 2012) with a v o< #~%%2 dependence (shown to be expected theoretically by Piro &
Nakar 2013) in order to constrain the explosion time, and they fit models with varying *Ni radial
distributions to the observed optical light curve. They conclude that the true time of explosion
is uncertain by ~+0.5 day and could be ~1 day earlier than concluded by Nugent et al. (2011).
This, in turn, weakens the upper limit on the stellar radius, obtained by Bloom et al. (2012) to
R, < 0.1Ry. Mazzali et al. (2014) reach a similar conclusion by estimating the explosion time
from their detailed fitting of photospheric temperatures, abundances, and velocities to early-time
spectra (see Section 3.3.3 below). They also favor an explosion time of 0.9 day earlier than that
deduced by Nugent et al. (2011) and find a limit of R, < 0.06 Ri. These somewhat weaker limits
on the stellar radius are still quite useful in ruling out most options for the exploding object in SN
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2012fe. Bloom et al. (2012) show that, apart from a WD, only pure carbon-oxygen stars, burning
carbon stably, could have radii consistent even with these weaker limits.

Modeling of SN 2011fe by both Mazzali et al. (2014) and Piro & Nakar (2014) lead them to
conclude that significant amounts of **Ni, ~0.1 of the total amount, existed in the outer 0.1 Mg,
of the ejecta. Piro & Nakar (2014) find this not only for SN 2011fe but also for SN 2012cg,
another SN Ia with early time data. The presence or absence of **Ni in the outer layers is relevant
to understanding the explosion details, especially the possible transition from a deflagration to a
detonation (see Section 3.3.4 below).

Zheng etal. (2013) discovered a SN Ia, 2013dy, and caught it even earlier in its light evolution.
With good light-curve coverage in the first few days, they find that, indeed, a # behavior fits
the data poorly. Instead, they obtain a best fitting broken power law that begins with an index of
0.9 and transits to an index of 1.8 after about 3 days. Extrapolating this fit back in time to zero
flux implies that the SN’s “first light” occurred just 2.4 + 1.2 h before the first detection. The
nondetections at earlier times again argue for upper limits of <0.25 Ry, on the progenitor radius.

The recent and very-nearby SN 2014J in M82 also provides input on early light curve and
spectral evolution. First results are presented by Zheng et al. (2014) and Goobar et al. 2014).

3.3.2. Shocks from ejecta impact on companion stars and debris. The recentand very nearby
SN 2014J in M82 also provides input on early light curve and spectral evolution. First results are
presented by Zheng et al. (2014) and Goobar et al. (2014).

As already noted, in the classic SD picture, shocks from the SN ejecta hitting the companion
star are unavoidable and may be observable. Kasen (2010) calculated the observational signatures
of such events as a function of the companion size (giants naturally produce the largest signals)
and as a function of the angle between the observer, the WD, and the donor. When a giant star
is between the observer and the WD, the signatures of the impact are expected in X-rays within
minutes to hours of the explosion. Emission from the shocked region in UV/blue bands develops
on a timescale of several days. Bianco et al. (2011), Hayden et al. (2010a), Tucker (2011), and
Ganeshalingam, Li & Filippenko (2011) have set observational upper limits in blue optical bands
in the light curves of SNe Ia with good early-time optical coverage and have used the Kasen (2010)
models to limit the presence of red-giant donors to <20% of SN Ia progenitor systems. Foley
etal. (2012a) and Brown etal. (2012b) have extended this approach using space-UV measurements
to obtain such limits in several cases.

This type of limit is strongest, here again, in the case of the nearby and promptly observed
SN 2011fe in M101. Nugent et al. (2011) and Bloom et al. (2012) use the same early optical
observations (discussed in Section 3.3.1 above, in the context of emission from shock-heated
ejecta) to exclude also shocks from ejecta hitting a companion. Brown et al. (2012a) use prompt
UV observations of SN 2011fe, obtained with Swift starting 18 h after the first Nugent et al.
(2011) epoch, to do the same. All three studies rule out red giant donors; Brown et al. (2012a)
also exclude main-sequence companions of radius R, 2 Rg, and Bloom et al. (2012) sharpen
this limit to R, < 0.1Rg. Figure 2 shows also these limits. The conclusions, like those in
Section 3.3.1 above, are sensitive to the exact time of the explosion.

"This limitation has been circumvented by R.P. Olling, R. Mushotzky & E. J. Shaya (submitted),
who used the Kepler mission to monitor continuously over several years, with 30-min exposures,
400 galaxies in the Kepler field. Among these galaxies, they discovered four SNe, two or three of
them likely SNe Ia based on their light curves. The continuous coverage reveals no signatures of
companion impacts within the few days before first light, when the actual explosion must have
occurred. Olling and colleagues again use the Kasen (2010) models to limit the presence of red
giant and main-sequence companions for a range of viewing angles. The extension of the Kepler
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mission, particularly in sky directions that will allow ground-based follow-up and classification,
will permit obtaining such data for many additional events, which will set strong constraints on
the fraction of SNe Ia in which a SD donor star is present.

Interestingly, Nugent et al. (2011) used the absence of impact signatures in SN 2011fe to
argue also against a DD progenitor system. This argument is based on calculations by Fryer et al.
(2010), who simulated DD mergers and found that a potentially large mass of debris, 0.1—0.7 M,
forms an inhomogeneous envelope around the merged object, with a steeply falling density profile
extending out to ~1 Re,. This is based, in turn, on BPS calculations (Ruiter, Belczynski & Fryer
2009) that predict the majority of DD mergers to have masses around 2 M, whereas most other
BPS studies predict lower masses (see also Section 3.3.4). Fryer et al. (2010) calculate the shock
breakout and early-time spectral evolution in this model and find behavior very distinct from that
expected of a “bare” exploding WD, with UV emission lasting for days, similar to the early phases
of Type IT SNe. However, Fryer etal. (2010) also find that, in general, the spectra and light curves
produced in the context of this model bear little resemblance to those of normal SNe Ia. The
results of the calculations, if taken at face value, can therefore be considered evidence against the
DD scenario, irrespective of the lack of shock signatures in the Nugent et al. (2011) data for a very
typical SN Ia. However, DD merger simulations differ regarding the amount of debris at small
distances at the time of explosion (Dan et al. 2012; Raskin & Kasen 2013; Shen, Guillochon &
Foley 2013). As explained by Pakmor et al. (2012), one critical ingredient is the time elapsed from
merger until explosion. In the violent-merger scenarios, where ignition occurs within minutes of
the merger, any merger debris moving at the escape velocity of a few thousand km s~! will be
overtaken by the ejecta and will cease to interact with it minutes after the explosion (see also, in
this context Soker, Garcia-Berro & Althaus 2014). Also important for the amount and location of
debris are the WD mass ratio and the assumed WD spin initial conditions (Dan et al. 2014).

3.3.3. Spectral and light-curve modeling. As the ejecta of a SN expands, the photosphere
recedes into progressively deeper layers, revealing the chemical stratification and velocity structure
of the ejecta. These in turn, may help distinguish among progenitor models. A way to reconstruct
this physical structure is through calculation of synthetic spectra and light curves that match the
observations.

In one such modeling approach (e.g., Stehle et al. 2005, Mazzali et al. 2007, Tanaka et al.
2011, Hachinger et al. 2013), an ejecta density profile is assumed on the basis of a hydrodynam-
ical explosion model. A Monte Carlo radiative transfer calculation is used to propagate photon
packets from a blackbody spectrum through the model photosphere. The element abundances
and the velocity at each radius are varied in order to obtain the best fit to the set of observed
spectra and photospheric velocities. Mazzali et al. (2014) recently applied the method to the com-
bined UV spectra from HST and ground-based optical spectra for SN 2011fe. A good match
to the data is found using a hybrid between the density profiles from the SD one-dimensional
(1D) fast-deflagration W7 model by Nomoto, Thielemann & Yokoi (1984) and from a 1D
delayed-detonation model by Iwamoto et al. (1999) (more on deflagrations and detonations in
Section 3.3.4 below).

Blondin et al. (2011) carry out a more “first-principles” approach by taking a set of
44 hydrodynamical 2D Mc¢, SD delayed-detonation models from Kasen, Ropke & Woosley
(2009) and comparing them with observed light curves and multiepoch spectra of 251 SNe Ia. The
details of the nucleosynthesis and the resulting element distributions were calculated by means
of tracer particles distributed throughout the volume; nuclear reaction networks were calculated
for the conditions at each location. Finally, photon packets were again Monte Carlo—propagated
through the ejecta to obtain synthetic light curves and spectra at the epochs corresponding to
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the observations. Overall good agreement is found between the data and some of the models,
particularly those that satisfy the Phillips (1993) relation, but some details do not match, such as
too-high model velocities in the maximum-light spectra.

Ropke etal. (2012) extend this approach to test example models from the two main progenitor
scenarios, SD and DD, against optical spectra of SN 2011fe. One model is a My, SD delayed-
detonation model by Seitenzahl et al. (2013b) and the other is a violent-merger DD model by
Pakmor etal. (2012), merging 1.1 Mg and 0.9 My WDs. For each model, Ropke etal. (2012) used
a 3D hydrodynamics code to calculate the evolution of the density and the temperature. Nucle-
osynthetic abundances are again calculated via tracer particles and Monte Carlo radiative transfer
is performed. Both progenitor models produce reasonable matches to the observations, but again
both have shortcomings in matching the details. Overall, the DD model fares somewhat better
in this comparison. The differences in the predictions of the two models and the discriminating
power of the data suggest that future applications of this approach, with a larger range of 3D
models, should be very useful.

The amount and velocity distribution of unburnt carbon observed in SN Ia ejecta can be
a diagnostic that distinguishes scenarios from one another. Folatelli et al. (2012), Parrent et al.
(2011), Thomas etal. (2011), and Silverman & Filippenko (2012) analyze several samples with pre-
or near-maximum spectra and estimate that the Ci1 26580 absorption feature is present in about
30% of SNe Ia. In all studies, the feature tends to appear in events with “low velocity gradients”
(see Section 3.3.4 below). The implied carbon massis 1073—10? M. In SN 201 1fe, Nugent et al.
(2011) clearly detect this line in the earliest high-resolution spectrum along with high-velocity Ot
absorption. Both features almost disappeared in a spectrum obtained only 8 h later. From their
modeling of these data, Mazzali et al. (2014) deduce the existence of an almost-pure carbon outer
layer of ~0.01 M. They speculate that this layer reflects the properties of the accreted material,
whether it is hydrogen or helium that has burned to carbon. Soker, Garcia-Berro & Althaus
(2014) propose, instead, that the outer-layer carbon enrichment is a by-product of crystallization
in a WD that has been rotation-supported against collapse and has cooled, for ~1.4 Gyr, in a
spin-up/spin-down scenario such as a core-degenerate scenario. Zheng et al. (2013) similarly see
strong CII absorption in SN 2013dy, within the first few days after explosion, weakening and
becoming undetectable within a week.

3.3.4. Diversity and correlations among spectral and environmental observables. Observers
have long sought, and sometimes found, relations among the observed properties of SN Ia events.
These include relations among the various spectral and photometric properties and between those
properties and the properties of the host galaxies as a whole or of the specific locations of SNe
Ia within a galaxy. An observed correlation, assuming it is not a result of selection effects, may
be merely a consequence of some basic physics of SN Ia explosions in general rather than of a
specific progenitor channel leading up to the explosion. Nevertheless, in such relations there is a
potential for clues to the progenitor problem.

3.3.4.1. The width-luminosity relation. The strongest and clearest correlation seen among SN
Ia properties is the so-called Phillips (1993) relation, connecting the maximum-light luminosity
of an event to its light-curve evolution (as parameterized in a variety of ways) and to the observed
color at maximum light (e.g., Kattner et al. 2012, Hillebrandt et al. 2013). Less-luminous SNe
Ta, which have synthesized less **Ni, evolve more quickly. Less-luminous SNe Ia are also redder
owing to some combination of intrinsically redder color and reddening by dust, a combination that
has proved hard to disentangle. The problem is compounded by evidence, often contradictory,
that the dust involved in the effect might have properties distinct from Milky Way dust, with a
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low ratio of extinction to reddening, Ry = Ay /E(B—V") ~ 1.5—2, as opposed to the typical
Galactic Ry = 3.1 (see Howell 2011, but see Scolnic et al. 2014 for a different view).

The Phillips relation itself may be a consequence of SN Ia physics, rather than of a particular
progenitor scenario. The mass of synthesized **Ni largely determines the total energy of the ex-
plosion. The larger the **Ni mass, the higher is the peak luminosity owing to the radioactive decay
of *Ni. In parallel, iron-group elements also cause the bulk of the opacity, slowing the evolution
of the light curve, i.e., leading to a higher light-curve “stretch” factor [e.g., Hoeflich & Khokhlov
1996, Kasen & Woosley 2007; see Kasen, Ropke & Woosley (2009) for additional factors, such as
viewing angle, that can affect the relation]. Nevertheless, progenitor models invoking explosions
always near Mc, must explain the diversity, by a factor of ~4, in explosion energy among “nor-
mal” SNe Ia (Branch & van den Bergh 1993; i.e., excluding underluminous, SN-1991bg-like, and
overluminous, SN-19917T-like, events).

Timmes, Brown & Truran (2003) proposed progenitor metallicity as the main driver for explo-
sion energy. Main-sequence stars with higher abundances of CNO produce, during He burning,
higher abundances of neutron-rich nuclei, particularly **Ne, that end up in the WD. In a WD
undergoing combustion as a SN Ia, neutron richness leads to more synthesis of stable elements
such as **Fe and *®Ni, at the expense of *°Nji, and hence to a lower luminosity. Although Timmes,
Brown & Truran (2003) show that a large-enough range in progenitor metallicity could repro-
duce the observed range in normal SN Ia explosion energies, Piro & Bildsten (2008) and Howell
et al. (2009) show that the observed range of SN Ia host-galaxy metallicities does not reach the
extreme values required for this mechanism to have a significant effect on SN Ia explosion en-
ergy. The observed metallicity range of SN Ia host galaxies, even accounting for local extremes
within a galaxy, would lead to <10% variation in explosion energy. Piro & Bildsten (2008) further
show that pre-explosion neutron richness is not controlled solely by metallicity but rather can
be dominated by neutronization through carbon burning during the ~1,000 years “simmering”
phase that M¢,-explosion models generally undergo before explosion. Mazzali & Podsiadlowski
(2006) showed that, even if metallicity variations produce the range in peak luminosity, they do
not affect light-curve shape, i.e., the Phillips relation is not reproduced. Foley & Kirshner (2013)
analyze two “twin” SNe Ia (2011fe and 2011by) that have identical light-curve shapes and optical
spectra, but differ in their UV spectra and in their peak luminosity. Modeling the difference in
UV spectral opacity by means of progenitor metallicity differences, the Timmes, Brown & Truran
(2003) model correctly predicts the difference in peak luminosity. Metallicity effects may thus be
at work, even if they do not explain the explosion energy diversity or the Phillips relation.

Another way to explain the observed diversity in explosions of M¢, models is through the so-
called deflagration-to-detonation transition. It has long been known that the energetics and spectra
of My models do not match observations unless they are finely (and artificially) tuned as an initial
subsonic deflagration that allows the WD to expand and, at the right time, spontaneously to evolve
into a supersonic detonation (Khokhlov 1991, Hillebrandt & Niemeyer 2000, Blondin et al. 2013,
Ma et al. 2013). Different progenitor metallicities and masses, and different accretion histories,
could affect the number and location of ignition “kernels” and, thus, the transition to detonation
(e.g., Umeda et al. 1999; Kasen, Ropke & Woosley 2009; Blondin et al. 2011; Seitenzahl et al.
2013b). Different transition times lead, in the final ejecta composition, to different proportions
of unburnt carbon and oxygen, intermediate-mass elements, stable iron-peak elements, and light-
curve-driving radioactive *Ni. This, in turn, could perhaps produce the observed diversity in
SN Ia explosion energy (see, in this context, also “pulsational delayed detonation” models, e.g.,
Dessart et al. 2014a).

DD models can also readily produce a range of explosion energies. Ruiter et al. (2013) find, for
“violent” mergers that include detonation of small He layers on top of the C/O WDs (Pakmor
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et al. 2013), that the explosion energy varies with the mass of the primary WD in the binary and
can reproduce the full observed range of SN Ia luminosities by means of primary masses between
0.9 and 1.3 M. Combining this with a BPS calculation, they find that the relative frequency of SN
Ia luminosities can also be reproduced, if the primary WD accretes a substantial amount of helium
from the companion star when it is a He giant, prior to becoming the secondary WD. In their
own violent-merger simulations, Moll et al. (2014) also reproduce the range of SN Ia luminosities
and the Phillips relation through a combination of primary WD mass and viewing angle of the
highly asymmetric explosion. Taubenberger et al. (2013a) analyze the late-time “nebular”-epoch
spectra of several “super-Chandrasekhar” SNe Ia to estimate ~2 Mg, of ejecta, about half of it
is in *°Ni, which they interpret as possibly arising from the merger of two massive WDs. In
nebular-phase spectra of the subluminous SN Ia 2010Ip, Taubenberger et al. (2013b) find oxygen
emission lines that, they argue, support a violent merger scenario. In their collisional DD model,
Kushnir et al. (2013) also reproduce the observed range of **Ni masses via different combinations
of WD masses. The typical observed **Ni mass of 0.6 M, requires collisions of WDs of at least
0.7 M, each (see also Piro, Thompson & Kochanek 2014). S. Dong, B. Katz, D. Kushnir, & J.L.
Prieto (unpublished, arXiv:1401.3347) present double-peaked line profiles in three SNe Ia among
a sample of 20 events with high-quality nebular-phase spectra. This result compares favorably
with a 3D collisional DD simulation they perform.

3.3.4.2. Explosion energy, colors, spectral features, and velocities. A second, potentially strong
correlation between SN Ia properties that has been claimed is between luminous energy (as mea-
sured by the light-curve “stretch”) and the kinematic width of iron emission features, particularly
[Fer] 24701, in late-time, nebular-phase spectra (Mazzali et al. 1998). Blondin et al. (2012) and
Silverman, Ganeshalingam & Filippenko (2013) argue that the relation is driven only by very un-
derluminous events and that no correlation remains once they are excluded. Kushnir et al. (2013),
however, have remeasured the velocities in the late-time spectra by fitting broadened narrow-line
templates rather than measuring the width of individual lines. With this procedure, they recover
a correlation between *'Ni mass and late-time velocity width. Physically, such a correlation may
simply mean that more energetic explosions produce larger ejecta velocity distributions without
having particular relevance for the progenitor issue.

Other correlations that have been reported between observed SN Ia parameters tend to be
rather weak trends, whose details and strengths sometimes vary among different samples. The
blueshifted velocity of the Sitt A6150 and 16355 absorptions at maximum light, vs;, tracing the
photospheric expansion velocity of the ejecta, has been crossed with various other observables.
Foley & Kasen (2011) found that v; correlates with stretch, but that this is driven solely by the
least-luminous events with A, 55 > 1.5 (where A,,;5 5 is the decrease in B magnitudes at 15
days after maximum light and is inversely related to stretch). Without those events, there is no
significant trend between stretch and ejecta velocity. Wang et al. (2009b), Foley & Kasen (2011),
and Foley, Sanders & Kirshner (2011) do find a weak trend for events with faster ejecta to have
redder intrinsic colors, and Foley (2012) finds a weak anticorrelation between vg; and host-galaxy
mass. Maguire et al. (2012) show a weak trend of increasing near-UV Cant H&K absorption
velocity and stretch [but Foley (2013) argues that this is an artifact]. They also find a rather
significant dependence on stretch of the blueshift of the “A,” pseudoemission feature at 3,180 A.
The A, feature is thought to arise from a spectral interval of slightly lower relative opacity in
the heavily line-blanketed near-UV region (Walker et al. 2012). Wang et al. (2013) show that vg;
correlates with a number of environmental parameters. High-vg; events tend to occur at relatively
small normalized galactic radii, whereas the lower-vg; events (<12,000 km s~!) occur at all radii.
Furthermore, the stellar surface brightness distribution at the locations of high-vg; events is similar
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to that of CC SNe, suggestive of a young progenitor population, whereas lower-vg; events tend
to come from regions of relatively lower surface brightness. Finally, high-vg; events tend to be
in larger-diameter and more luminous galaxies [in apparent contradiction to the inverse relation
with galaxy mass observed by Foley (2012)]. Wang et al. (2013) interpret these results in terms of
two different SN Ia progenitor populations, distinguished by age and metallicity. The observed
correlations are intriguing, but the conclusion may be premature given the limited direct evidence
for a dependence on age and metallicity and given the different phenomenology that is observed
regarding metallicity (Howell et al. 2009; see Section 3.3.4.1 above) and regarding progenitor age
(see Section 3.3.4.3 below). We note here, in passing, that Foley et al. (2012b) find a correlation
between vg; and the probability for the presence of a blueshifted absorbing Nar D system in the
SN spectrum, a result to which we return in Section 3.3.8 below.

Benetti etal. (2005) have separated SNe Ia into two classes—those with “low velocity gradients”
and those with “high velocity gradients”—based on the decrease with time in the velocity of the
Sim A6355 absorptions, vs;, with the border at 70 km s~! day~!. Events with high velocity gradients
tend to also have high velocities at maximum light (Foley, Sanders & Kirshner 2011). Maeda et al.
(2010) show, for a sample of 20 SNe Ia, that high-velocity-gradient objects, in their late nebular
phase, have nebular lines of [Fel1] 27155 and [Nil1] 27378 that are redshifted relative to the higher-
excitation line of [Fern] 24701, whereas low-velocity-gradient objects tend to have velocities that
are blueshifted. Maeda et al. (2010) interpret this result, in the context of the deflagration-to-
detonation transition, by means of a combination of an off-center-ignited explosion and a viewing
angle effect. In their picture, the nebular [Fen] and [Nil] lines come from the ashes of the initial

deflagration phase, whereas the [Fer] line, which requires low density and heating by *¢

Ni decay,
traces the detonation ashes. If the explosion is ignited off-center, e.g., within the WD hemisphere
on the observer’s side, the deflagration-ash lines will be blueshifted with respect to the detonation-
ash lines. The observer will see a low velocity gradient in the photospheric lines because of the
density and the velocity structure encountered by the photosphere as it moves inward. Maeda etal.
(2011) and Cartier et al. (2011) both find that the nebular line shifts also correlate with the SN
colors near maximum light, strengthening the same idea of a dependence of observed properties
on viewing angle.

Another spectral signature in SNe Ia, which tends to appear in early-time spectra of some
events, is the “high-velocity features” (e.g., Gerardy et al. 2004, Mazzali et al. 2005), absorptions
in Silt 16355 or the Catl NIR triplet, whose velocities are higher by several thousands of kilometers
per second than those of the normal photospheric absorptions in these and other lines. The origin
of these features is unclear. Recently, Childress et al. (2014) studied them in a sample of 58 SNe.
They find that the existence and strength of high-velocity features correlates with SN Ia stretch
and anticorrelates with vg;. In a subset of SNe with weak high-velocity features, stretch and vg; are
correlated.

3.3.4.3. Supernova stretch/luminosity and bost-galaxy age/star-formation rate. A correlation
between peak SN Ia luminosity, or light-curve stretch, and the age of the host galaxy has been
noted for some time: The oldest hosts, with little star formation, tend to host faint, low-stretch
SNe Ia, whereas star-forming galaxies are more likely to host bright-and-slow SNe Ia (e.g.,
Hamuy et al. 2000, Hicken et al. 2009, Howell et al. 2009, Lampeitl et al. 2010, Smith et al. 2012,
Pan et al. 2013, Xavier et al. 2013). Rigault et al. (2013) show this trend at the local level in SN
Ia host galaxies using local He surface brightness as a star-formation tracer. Although all of these
studies observe the same general trend, the scatter in the relation is large and the various samples
give different pictures of how the trend arises. For example, Hamuy et al. (2000) observe the
trend to be driven both by a lack of bright SNe in early-type galaxies and a lack of faint SNe in
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late-type galaxies. Howell et al. (2009) find that galaxies with luminosity-weighted ages <4 Gyr
host SNe Ia of all explosion energies, but galaxies with ages 24 Gyr host almost only faint SNe
Ia. Conversely, Hicken et al. (2009) and Smith et al. (2012) find that early-type galaxies host the
full range of light-curve widths, but late-type galaxies host only SNe Ia with broad light-curve
shapes. This situation likely arises from a combination of effects. First, the trend, as noted, has
a large scatter to start with. Second, different samples may have different selection effects that
could bias for or against the inclusion of more or less luminous SNe Ia hosted by different types
of galaxies. This can become an issue particularly when SN samples are small such that regions
of the age-luminosity plane that have low SN rates are sparsely populated. The appearance of
these scatter plots is likely affected by the different ways of defining light-curve parameters [this
is evident from comparing the plot by Hicken et al. (2009), which uses the x; light-curve stretch
parameter, with their plot that uses the A light-curve-width parameter] or by the surrogates used
for the explosion energies (as in Howell et al. 2009). Similarly, there are different ways of defining
galaxy morphological type or of considering a galaxy “age,” which is a poorly defined concept
(galaxies have composite populations, and their full star-formation histories are the more relevant
observable). Finally, galaxies are characterized by multiple correlations between morphology,
age, size, metallicity, star-formation rate, extinction, and more (e.g., Mannucci et al. 2010), and it
is not clear what the main driver of the correlation with SN Ia luminosity is. We revisit this issue
when discussing SN Ia rates and the delay-time distributions for SNe Ia of different stretches
in Section 3.5 below. In the meantime, we note that this trend between explosion energy and
host-population youth could well be an important clue to the progenitor question.

3.3.4.4. Synopsis of correlations. From all of the above, there are relations among the observed
properties of SNe Ia, and one can try to sketch a rough trend of properties that go together (see,
e.g., Maguire etal. 2013). At one extreme are events that are luminous, have broad light curves, red
intrinsic colors, high-velocity ejecta, large velocity gradients, redshifted and broad nebular lines,
no carbon signatures, and star-forming hosts. At the other extreme are events with the opposite
properties. We further discuss the possible source of such a trend in Section 4 below.

3.3.4.5. Peculiar SNe Ia. Apart from the diversity among normal SNe Ia, there is a growing “zoo”
of abnormal events that may nonetheless belong to the SN Ia class, though with varying degrees of
certainty. The numbers of known peculiar SNe Ia have grown as a result of recent untargeted field
transient surveys with large SN number yields, fainter flux limits, and faster cadences than previous
surveys. Their peculiarities could shed light on the progenitor question if, e.g., the peculiarities
can be identified with some particular progenitor channels or with specific deviations from the
progenitor parameters of normal events.

Of particular recent interest is the class of explosions, sometimes called “SNe Iax” (e.g., Foley
etal. 2013), that are similar to the prototype event SN 2002cx. Although spectroscopically similar
to normal SNe Ia, SNe Iax are characterized by low photospheric velocities at maximum light
(2,000-8,000 km s1), hot photospheres (based on the presence of high-ionization lines), and peak
luminosities that are typically several magnitudes faint for the observed light-curve width. Their
light curves lack the “second IR bump” of normal events. At late times, instead of the nebular-
phase broad forbidden lines seen in normal SNe Ia, the spectrum shows narrow permitted lines,
indicating a high gas density, 7. > 10° cm~3, even over a year after explosion (e.g., McCully et al.
2014). Their spectra always show carbon features, and sometimes helium. Only a few tens of SNe
Iax are known, but accounting for their detectability, Foley et al. (2013) estimate that there are
~20-50 such events for every 100 normal SNe Ia, which would make SNe Iax the most common
type of peculiar SN Ia.

www.annualreviews.org o Type In Supernova Progenitors

133



134

Jordan et al. (2012), Kromer et al. (2013), and Fink et al. (2014) model SNe Tax as “failed
deflagrations”—SN Ia explosions in which a transition from deflagration to detonation fails to
occur, and furthermore the explosion fails to completely unbind the WD, leaving behind an
~1 M bound remnant. This could explain the low **Ni yields, the low velocities, the unburnt C
and He in the ejecta, the high degree of mixing, and the clumps of high-density material. However,
SNe Iax occur predominantly in star-forming galaxies (but there is one case, SN 2008ge, occurring
in an SO galaxy, with no signs of star formation or pre-explosion massive stars at the explosion site;
Foley etal. 2010b), and their locations within these galaxies track the SFR similarly to the common
Type IIP CC SNe (Lyman et al. 2013). Indeed, Valenti et al. (2009) have argued that SNe Iax are
actually CC SNe with low ejecta velocities derived from 7—9 M, or 25—30 M, progenitors, with
cores collapsing into black holes. Conversely, Foley et al. (2010a) point to the presence of sulfur
in the spectra of some SNe Iax as evidence for thermonuclear burning in a C/O WD and against
a CC SN. It thus remains to be seen whether or not SNe Iax are the manifestations of incomplete
pure deflagrations of M¢, WDs.

3.3.5. Polarization and symmetry. Polarization can reveal deviations from circular symmetry of
asource, as projected on the sky. In the context of SNe, linear polarization arises from electron and
line scattering of photons emerging from an asymmetric source. The percentage of total flux thatis
polarized is proportional to the projected geometrical axis ratio, and the angle of polarization shows
the asymmetry’s orientation on the sky. The bandpass dependence of continuum polarization, and
the polarization across individual line profiles, can provide further information on asymmetry and
orientation for specific emitting elements and velocities and can show how they change with time
as a SN evolves. Wang & Wheeler (2008) review spectropolarimetry of SNe, including SNe Ia.
Spectropolarimetry can guide the SN Ia progenitor problem, as most SN Ia models have some
built-in asymmetry, such as the presence of a donor or an accretion disk, a recently merged or
collided secondary WD, rotational flattening, or an off-center ignition (e.g., Ropke et al. 2012).

As summarized by Wang & Wheeler (2008), SNe Ia tend to have low or zero continuum
polarizations, typically fractions of a percent, and polarization is generally detected only pre- or
near-maximum light. This indicates that the expanding photospheres are slightly asymmetric on
the outside, at levels of up to of order 10%, but quite round in the inner layers of the explosion.
Nonetheless, line polarizations of up to a few percent are sometimes seen in some line transitions,
sometimes with different orientations than those of the continuum. Although, again, line polar-
ization tends to be seen at early times, there are exceptions (e.g., Zelaya et al. 2013). The line
polarizations have been interpreted in terms of clumpy distributions of the ejecta of particular
elements (Kasen et al. 2003; Hole, Kasen & Nordsieck 2010; Kasen, Ropke & Woosley 2009).
Smith etal. (2011) present spectropolarimetry of the nearby SN 2011fe. Like its other properties,
its polarization behavior is typical of normal SNe Ia.

Wang, Baade & Patat (2007) show a correlation between Sitt 26355 polarization and Awz;s,
suggesting that more luminous SNe Ia tend to be more symmetric, but this relation is driven by one
or two objects, after excluding some outliers. Tanaka et al. (2010) extend this result to the case of
the proposed super-Mcy, event SN 2009dc. Although this SN’s line polarization is somewhat above
that expected from the Wang, Baade & Patat (2007) trend, the low continuum polarization argues
for little asphericity. Tanaka et al. (2010) use this to argue against the explanation by Hillebrandyt,
Sim & Ropke (2007) that this was an off-center Mcy, explosion and in favor of the view that it was a
super-Mcy, progenitor. However, asymmetry would be expected also from a super-Mcy, rotation-
supported configuration. In the normal SNe 2012fr and 2011fe, Maund et al. (2013) and Soker,
Garcia-Berro & Althaus (2014), respectively, have used the very low continuum polarization level
(<0.1%) and the implied circular symmetry to argue against the violent DD-merger scenario

Maoz o Mannucci o Nelemans



(Pakmor et al. 2012), in which an asymmetric **Ni distribution is predicted. At the other extreme
of the same trend, Howell et al. (2001) and Patat et al. (2012) have used spectropolarimetry to
deduce significant, coaligned asphericity in both lines and continuum in the subluminous SNe Ia
1999by and 2005ke, respectively, supporting fast rotation or a merger origin in these cases.

Leonard et al. (2005), Wang et al. (2006), and Patat et al. (2009) show that high Siir 26355 line
polarizations and line velocities are correlated. Maund et al. (2010) find, for a sample of normal
SNe Ia, that the polarization of the Siit 16355 line at 5 days premaximum is correlated with the
line velocity’s time gradient vg; for a given SN. They suggest that normal SNe Ia have a single,
asymmetric distribution of intermediate mass elements, with the diversity of observed properties
arising partly from orientations effects.

At the two extremes in trends in SN Ia properties, discussed in Section 3.3.4 above, it is not
clear into which “family” SNe Ia with relatively high polarization fall. According to Maund et al.
(2010), it would be in the high-velocity, high-stretch family. According to Wang, Baade & Patat
(2007), it would be in the opposite family.

3.3.6. Searches for emission from hydrogen. In the SD scenario, almost by definition, some
signs of hydrogen or helium from the nondegenerate companion should be visible at some point.
Apart from the shock from the ejecta impacting a SD companion (Section 3.3.2 above), the ejecta
are expected to strip and entrain material from the companion. This stripped material of mass
~0.1—-0.2 Mg, which is excited by energy from the radioactive decay of **Co, is then expected
to become visible in the form of emission lines of width ~1,000 km s~! during the nebular phase
of the explosion when the ejecta are optically thin (Marietta, Burrows & Fryxell 2000; Mattila
etal. 2005; Liu et al. 2012b). Mattila et al. (2005), Leonard (2007), and Lundqvist et al. (2013) use
high signal-to-noise nebular spectra of five SNe Ia to set upper limits on the presence of any Ha
emission. These limits translate to upper limits on hydrogen mass of 0.01 M, to 0.03 M. The
most stringent application of this test has been, yet again, in the case of the nearby SN 2011fe,
where Shappee et al. (2013) set a limit of 0.001 M, on the stripped H mass (see Figure 3). These
results strongly suggest that, at least in the six cases examined, there was no main-sequence or
red-giant SD companion in the system at the time of explosion.
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Figure 3

Nebular-phase (day 274 after maximum) He region of the spectrum of SN 2011fe, showing upper limits on
Ha emission from any hydrogen stripped from a companion and entrained in the ejecta. The vertical red
line and gray band show, respectively, the expected wavelength of Ha emission and £1,000 km s~! velocity
width. Black solid histogram is the observed continuum-subtracted spectrum and red dashed curve is the 3o
upper limit on line emission, which implies a hydrogen mass <0.001 M. Reprinted from Shappee et al.
(2013) with permission of the AAS.
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Although the absence of H and He is a defining characteristic of SNe Ia, there are exceptions.
Until recently, H and He in emission was reported in only two SNe Ia: SN 2002ic (Hamuy et al.
2003) and SN 2005gj (Aldering et al. 2006, Prieto et al. 2007). These events displayed a SN-Ia-
like spectrum, but were topped by strong variable Her line emission that was visible during most
epochs and reminiscent of a CC Type IIn spectrum. The spectra were interpreted as showing the
interaction of the SN ejecta with the circumstellar medium (CSM) of an evolved SD companion
(Han & Podsiadlowski 2006, Wood-Vasey & Sokoloski 2006). Another possibility raised was that
they were prompt DD mergers that encountered a recently ejected common envelope (Livio &
Riess 2003). Chugai & Yungelson (2004) speculated that such events are examples of “SNe 1.5”
(Iben & Renzini 1983), i.e., thermonuclear runaways in the C/O cores of single AGB stars that
have not yet lost their envelopes. Alternatively, Chugai & Yungelson proposed that such “strongly
CSM-interacting” SNe Ia are SD systems in which the donor is a massive red supergiant. In either
case, the CSM envelope has a mass of at least several solar masses. Some doubts were initially
raised as to whether these rare events were, in fact, true SNe Ia. Benetti et al. (2006) argued that
these explosions are actually a subclass of Type Ic CC SNe, in which the ejecta are encountering
the collapsed star’s previously ejected envelope in a variant of what is thought to be the case for
Type IIn SNe. Trundle et al. (2008) pointed out the resemblance of the absorption features in such
events to those of the class of “luminous blue variables,” which are thought to be the progenitors
of Type Ib/c SNe.

The most recent and well-studied object of this type is PTF11kx (Dilday etal. 2012, Silverman
etal. 2013a), further discussed below (Section 3.3.8) in the context of SNe Ia that have intervening
Nat D absorption. In PTF11kx, the Ha emission is somewhat weaker and develops somewhat later
than in the above two cases of CSM-interacting SNe Ia, and the light curve is more similar to
those of normal SNe Ia. From analysis of the evolving spectra, Dilday et al. (2012) deduce the
progenitor was a SD system with a red-giant donor and multiple shells of equatorially distributed
circumstellar material (swept up by ejecta from pre-explosion nova eruptions) similar to those
in the symbiotic recurrent nova RS Oph, in which a WD accretes through a wind from a red
giant (see Section 3.1.1 above). Soker et al. (2013), however, estimate that the circumstellar mass
in PTF11kx is at least ~0.1 —0.6 M, which is higher than the CSM expected in SD models.
Instead, they advocate a variant of the Livio & Riess (2003) picture (ejecta from a DD merger
encountering the previously ejected common envelope). In the context of the Soker (2013) core-
degenerate scenario, Soker et al. (2013) propose that during the common envelope phase, the
WD disrupts and accretes the less-dense AGB core (rather than vice versa), resulting in a prompt
(rather than long-delayed) explosion.

Silverman etal. (2013b) compile a sample of 16 such strongly CSM-interacting events, some by
reclassifying old events (one of them, SN 2008], was concurrently studied by Taddia et al. 2012)
and some from new discoveries from the PTF survey. They show that such events tend to have
higher peak luminosities and slower light-curve evolution than normal SNe Ia and that their hosts
are always galaxies with ongoing star formation. Dilday et al. (2012) estimate that the fraction of
strongly CSM-interacting SNe Ia among all SNe Ia could be 0.1% (based on the discovery rate in
the PTF survey) to 1% (based on the SDSS-II survey), but it could be potentially higher if cases
with weaker H signatures have been overlooked or if some cases with stronger signatures have
been misclassified as Type IIn SNe.

For the two prototype CSM-interacting cases, SN 2002ic and SN 2005gj, late-time (2.2—
3.8 years and 0.4-1.4 years postexplosion, respectively) mid-IR Spitzer photometry analyzed by
Fox & Filippenko (2013) shows variable emission by warm (500-800 K) dust at these late times.
For SN 2005gj, the dust luminosity increases monotonically by a factor ~2 over the observed
period. The inferred dust masses are of order My ~ 1072 M, at distances of » ~ 10" cm. It is
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unclear if this is newly formed dust condensing in the SN ejecta, pre-existing CSM dust that is
being heated by UV and X-ray radiation from CSM interaction (see Section 3.3.7), or light echoes
by dust that is far from and unrelated to a CSM (Patat 2005; see Section 3.3.9). In any event,
similar late-time IR emission, implying similar dust parameters, is seen in many Type IIn SNe
studied by Fox et al. (2013).

Thus, in several respects, CSM-interacting SNe Ia bear a strong resemblance to Type IIn SNe,
in which ejecta impact a large mass of CSM on the order of 1 M, thus converting kinetic energy
to optical-band energy that accrues significantly to the radioactively powered part of the light
curve. This suggests that CSM-interacting SNe Ia are a rare subclass in which the ejecta interact
with the CSM of a relatively massive star, rather than the CSM of a donor star in a traditional SD
scenario. The presence of a massive star would explain why all such events identified to date have
occurred in star-forming galaxies (Silverman et al. 2013b).

Returning to SN-2002cx-like events (“SNe Iax”, see Section 3.3.4 above), Liu et al. (2013a)
predict that if such events are indeed failed pure deflagrations in Mcy, SD systems, the low kinetic
energy of the explosion means that only small amounts of H1, <0.01 My, are expected to be seen
in the nebular-phase spectra of such objects.

3.3.7. Radio and X-ray emission from circumstellar medium interactions. Interaction of SN
ejecta with a pre-explosion CSM or ISM is expected to produce radio synchrotron emission from
shock-accelerated electrons in an amplified magnetic field and X-ray emission through inverse
Compton upscattering, by those electrons, of the optical emission of the SN. The CSM could
be from previous mass loss from a donor star or from losses from the accretion flow onto the
WD. The physics and signatures of such interaction have been computed by Chevalier (1982,
1998) and Chevalier & Fransson (2006); see Chomiuk et al. (2012b) and Margutti et al. (2012), for
recent generalizations. Briefly, mass conservation dictates that a CSM produced by a constant pre-
explosion mass-loss rate, M, driving a wind of constant velocity, v,,, will have a radial density profile
Pesm() = (M /47wv,)7~2. As the SN shock advances through the CSM with speed v, it accelerates
particles to relativistic energies and amplifies the ambient magnetic field. From the postshock
energy density, pemv?, the fractions in relativistic electrons and in magnetic fields are usually
parameterized as €, and €p, respectively. Postshock, the electrons assume a power-law energy
distribution, N (E) o« E~?, above a minimum energy E;, that, in turn, depends on p, v, and €,.

The electrons gyrate along magnetic field lines, emitting a synchrotron spectrum with specific

luminosity L, oc v¥/?

, shaped by synchrotron self-absorption, up to a frequency, vg (generally
in centimeter-wave radio bands), and an optically thin synchrotron spectrum, L, oc v=¢=/2 at
higher frequencies. As the shock advances through progressively less-dense gas, the peak emission
shifts to lower frequencies. Measurements at a fixed frequency will therefore first see an intensity
rising with time, #, when that frequency is in the self-absorbed part of the spectrum, up to a
maximum, followed by a declining signal when observing at optically thin frequencies. In those
Type Ib/c SNe in which synchrotron emission has been detected, the electron energy distribution
has an index p ~ 3, producing an optically thin synchrotron power-law index of ~ —1 (Chevalier
& Fransson 2006, Soderberg et al. 2012). For these SNe, €, ~ 0.1, and €5 values in the range
of 0.01-0.1 have been inferred. The shock velocity, v,, which is set by the density profiles of the
CSM and of the ejecta, has a weak time dependence. In broad terms, the optically thin synchrotron
luminosity then behaves as

L, x vf Epnv 't 'e e M? v;z. (1)

Given an estimate of v;, a radio measurement of L, (or an upper limit on it) can therefore constrain
the product e.egM?/ v2. A value of €, = 0.1 is generally assumed. Values of €g, as noted, span
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one order of magnitude, and stellar wind velocities, v,,, are generally in the range of tens to a

few hundred kilometers per second. Thus some useful information can be derived regarding the

interesting parameter M . In the case of a uniform ISM [pem() = const.], L, grows slowly with

time roughly as 1% (Chomiuk et al. 2012b), and the observations constrain the product peq, €%°.
In X-rays, the inverse-Compton emission for an electron population with p = 3 is

Lv X vy Emin V_l t_l €, M v;l LSN(t)v (2)

where Lgn(2) is the bolometric optical-UV luminosity from the SN photosphere (Chevalier &
Fransson 2006, Horesh et al. 2012, Margutti et al. 2012). The inverse-Compton emission, in
contrast to the synchrotron emission, does not depend on the uncertain € parameter. In the case
of a shock expanding into a constant-density ISM, rather than a CSM, the ratio of the inverse-
Compton luminosity to the optical-UV luminosity is roughly constant with time.

No radio or X-ray emission from a SN Ia has ever been detected. In X-rays, Hughes et al.
(2007) set upper limits on flux from four SNe Ia, including two strongly CSM-interacting cases,
SN 2002ic, and SN 2005gj (see Section 3.3.6 above). Russell & Immler (2012) set X-ray flux
upper limits on 53 individual SNe Ia, and on their stacked images, and concluded that winds from
evolved donor stars can be excluded. In the radio, Panagia et al. (2006) obtained VLA observations
at wavelengths of 0.7 to 20 cm of 27 nearby SNe Ia at 46 epochs, roughly ~10-100 days after
explosion, and used them to set limits on CSM interaction in each case. Hancock, Gaensler &
Murphy (2011) performed a stacking analysis of these data to obtain deeper limits. Assuming
typical values for the other parameters involved, they set a limit of M < 10~7 M, year~". In radio,
for SN 2006X, which showed variable Na1 D lines (see Section 3.3.8 below), VLA nondetection
constrains any CSM at 7 ~ 107 cm to arise from a wind with M < 3 x 1077 Mg, year™!,
assuming v, = 100 km s~! (Patat et al. 2007). This suggests a limit on the mass in the region of
M <M rjv, =10"* M.

In the case of the nearby and well-studied SN 2011fe, Horesh et al. (2012) obtained radio data
from 0.3 to 20 cm, using the CARMA, EVLA, and WSRT telescopes, as early as 1.3 days after
the explosion time deduced by Nugent et al. (2011) (see Section 3.3.1 above). Swift and Chandra
observations were secured at 1.2 days and 4 days, respectively. Comparing the upper limits on radio
and X-ray flux to the expected light curves, Horesh etal. (2012) seta limitof M < 10~% M, year!,
assuming v, = 4 x 10* km s!, v,, = 100 km s7!, and ¢, = 0.1, and also assuming ez = 0.1 in
the radio case. This excludes the presence of a circumstellar wind from a giant donor. Margutti
et al. (2012) used additional Swift and Chandra epochs, including stacks of epochs that are not
far from maximum optical light (which corresponds also to inverse-Compton X-ray maximum
light) to obtain deeper and later-time X-ray limits. They use them to refine the mass-loss limit to
M <2 x 107 Mg year™!. These stronger limits are used to argue, beyond giant donors, against
any stable hydrogen-burning Roche-lobe overflow scenario (i.e., with M > 3 x 107 Mg, year™!;
see Section 3.1.2) in which more than 1% of the accreted material is lost, e.g., through the outer
Lagrange points (i.e., other than L1). A uniform-density CSM is constrained by Margutti et al.
(2012) to have a particle density <150 cm~>. These constraints are shown in Figure 4. Finally,
deeper limits have been set also in the radio by Chomiuk et al. (2012b), using additional EVLA
epochs between 2 and 19 days past explosion, mostly about 5 times deeper than those of Horesh
et al. 2012). Using also a higher assumed v, = 0.35¢, Chomiuk et al. interpret their radio flux
limits as a stringent limit on CSM mass loss, M < 6 x 107" M, year™!, during the last 100—
1,000 years leading up to the explosion. With this limit, a 1% mass loss through outer Lagrange
points can be excluded even for recurrent novae, unless the wind speed v,, is particularly high,
with a correspondingly rarified CSM. A uniform ISM density 74, > 6 cm™! can be excluded (for
ep = 0.1) or s > 44 cm™! can be excluded (for €3 = 0.01) at radii » ~ 10" —10'® cm from the

~
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Figure 4

X-ray 3o upper limits ( points) from Swift and Chandra on the luminosity of SN 2011fe compared with the
expected X-ray evolution from inverse Comptonization of the UV-optical light curve (shown by gray filled
circles for the various UV-optical bands, and with a black dotted line for the estimated bolometric light curve.)
Green band is for Comptonization by a circumstellar medium (CSM) wind, with M values as marked in
units of solar mass per year, for a wind speed of 100 km s~!. Blue band is for Comptonization by a
uniform-density ISM, with densities in units per cubic centimeter, as marked. The data constrain the
progenitor system’s mass loss through a wind to M <2 x 107" Mg year™! and a uniform-density CSM to
have <150 cm™~3. Reprinted from Margutti et al. (2012) with permission of the AAS.

explosion. Figure 5 shows these limits. We note that all of the above limits are slightly weakened
if the explosion was in fact earlier by ~0.5-1.5 days than deduced by Nugent et al. (2011; Mazzali
etal. 2014, Piro & Nakar 2014; see Section 3.3.1, above).

In summary, sensitive X-ray and radio observations of a good number of SNe Ia have so far
failed to detecta CSM, including in the cases of several SNe Ia that show ejecta-CSM interactions
and variable Nar D absorptions. The limits make giant SD donors unlikely. For SN 2011fe,
these data show a particularly “clean” environment around a SN Ia and argue against most of the
traditional SD scenarios.

3.3.8. Intervening absorption. In the SD scenario, SN Ia spectra may be expected to show
variable narrow blueshifted absorption lines from a circumstellar wind from the companion, from
accretion overflows, or from pre-explosion nova-like outbursts (e.g., Patat et al. 2007). As detailed
below, absorptions interpreted as such signatures have been detected in a few SNe Ia. For the
DD scenario, in turn, as already discussed in Section 3.3.2 above, DD merger simulations differ
on the amount and radius of merger-related debris at the time of explosion. Furthermore, Shen,
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5.9 GHz luminosity (10% erg s™' cm™2 Hz™")
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Figure 5

Expanded Very Large Array 3o upper limits (black arrows) on the 5.9-GHz radio luminosity of SN 2011fe,
compared with expectations from synchrotron emission due to interaction of its ejecta with a circumstellar
medium. Also shown (gray arrows) are upper limits by Horesh et al. (2012), scaled to 5.9 GHz, and a time-
stacked limit (white arrow). Colored swaths are the light curves expected from interaction with a wind, for the
marked values of solar mass per year per unit velocity, in units of Mg year™! (100 km s~1)~!; shades
correspond to € in the range of 0.01-0.1, and €, = 0.1. The dashed black line is the expected evolution for a
uniform-density ISM of density # = 6 cm™>. The mass loss limit of M < 6 x 10719 M, year~! argues
against any Roche-lobe overflow single-degenerate scenario with 21 % mass loss in the system. Reprinted
from Chomiuk et al. (2012b) with permission of the AAS.

Guillochon & Foley (2013) have simulated a CSM that is shaped prior to DD mergers that
involve a C/O primary WD and a He WD secondary (a combination raised in the context of
sub-Chandrasekhar, or double-detonation, DD models, e.g., Pakmor etal. 2013, Shen & Bildsten
2014). A thin hydrogen layer, expected on the He WD’s surface, accretes onto the C/O WD and
leads to nova-like eruptions on timescales of ~10?~10° years prior to the SN Ia explosion. In the
ISM densities present in spiral galaxies, these pre-SN-Ia eruptions can shape the CSM so as to pro-
duce circumstellar absorptions similar to SD model expectations and to those sometimes observed
in SNe Ia. Raskin & Kasen (2013) likewise use simulations to show that, under some circumstances,
tidal debris from DD mergers could produce observable absorptions in SN Ia spectra.

In terms of the observations, variable, blueshifted (~10-100 km s~!) absorption in the Nar
D doublet (215890, 5896) has been detected in the high-resolution, multiepoch spectra of three
SNe Ia (SN 2006X, Patat etal. 2007; SN 2007le, Simon et al. 2009; and the CSM-interacting case
PTF11kx, Dilday et al. 2012; see Section 3.3.6 above). In the case of PTF11kx, the absorption
is also seen in narrow lines of Fel, Tii, and Hel. A fourth variable Nal D case was found in
low-resolution, but high-signal-to-noise, spectra of SN 1999cl by Blondin et al. (2009). Because
of the low resolution, in this case one cannot determine whether the absorption is blueshifted
or otherwise. However, Blondin et al. (2009) noted that absorption variations of the observed
magnitude exist for only two out of 31 SNe Ia with data that could have revealed them (SN 1999cl,
and SN 2006X, whose variations Blondin et al. could “rediscover” at low resolution). Sternberg
et al. (2013) give statistics for the detection of variable Nat D at high spectral resolution of 3/17
(or 2/16, if excluding the unusual PTF11kx). In all four known cases, the Nal D absorption
generally grows in strength on a timescale of about 10 days. In the three high-resolution cases,
it is seen that the growth is in individual blueshifted velocity components and that the absorption
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Figure 6

Spectra of SN 2006X showing time evolution of the Nal D, absorption feature (z) between days —2 (black),
+14 (red), and +61 (blue). Individual variable absorption components are labeled A-D. For comparison, the
nonvariable absorptions in the Call K line (5; only first two epochs) are also shown. The growing absorption
strength is thought to be due to recombining Nall ions in a circumstellar medium ionized earlier by UV
photons from the explosion. The strongly saturated Nat and Call absorptions come from unrelated
interstellar gas clouds in the disk of the host galaxy. Reprinted from Patat et al. (2007) with permission of
Science magazine.

in the Cairt H&K lines (113968, 3933) does not change in strength during the same period.
Figure 6 shows SN 2006X, as an example. At least three of the cases of SNe Ia with time-variable
Nar D absorption belong to the subclass of SNe Ia with “high velocity gradients” (Benetti et al.
2005) (see Section 3.3.4 above). In all four cases the hosts are late-type spirals.

Using order-of-magnitude arguments (Patat et al. 2007) and detailed photoionization
modeling (Simon et al. 2009), the growing Nar D absorption is interpreted as being due to
recombining Nall ions in circumstellar material of density #., ~ 107 cm™ at distances of
7 ~ 10'9—10" cm from the explosion, with a total mass of 10™ to 107> M. Estimates of the
UV spectrum and light curve of a SN Ia, based on model templates and extrapolations of the few
SNe Ia with UV data, suggest that the SN flux can ionize Nal atoms (ionization potential 5.1 eV)
out to such distances, but not Call ions (ionization potential 11.9 V) for which the required
ionizing photons are orders of magnitude rarer in the SN spectrum. The short recombination
timescale of 10 days further requires a high electron density, which implies a significant hydrogen
ionization fraction and hence limits the distance to the absorbing clouds. In SN 2006X, part of
the Nat D absorption actually weakens again 2 months after maximum light, which Patat et al.
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(2007) interpret as the SN ejecta reaching and reionizing some components of the CSM (the
corresponding weakening expected also in the Call absorption, due to such a process, could not
be tested at that epoch because of low signal-to-noise ratio).

The absorbing gas may be a clumpy wind from a red-giant donor or an equatorial outflow
from pre-explosion recurrent nova eruptions during the decades preceding the SN Ia explosion.
The asymmetric nature of such outflows could introduce a viewing angle dependence that would
explain the apparent rarity of SNe Ia with variable Na1 D. An alternative explanation, invoking
variable line-of-sight absorption by ISM material far from the SN (Chugai 2008), explains the
nonvariability of the Call lines through abundance effects by means of differing fractions of Ca
and Na locked in dust grains in intervening clouds. Patat et al. (2011) have noted the similarities
of these variable absorptions with postoutburst features in the recurrent nova RS Oph (see
Section 3.1.1 above). However, U Sco did not show any variable absorption during its outburst
in 2010 (Kaftka & Williams 2011). In the well-studied normal SN Ia 2011fe, despite the high
signal-to-noise ratio of the available spectra, Patat et al. (2013) find no evidence for variable
intervening absorption that could be associated with the CSM of the progenitor system.

Sternberg et al. (2011) compare the incidence of narrow blueshifted and redshifted Nar D
absorptions in the single-epoch high-resolution spectra of 35 SNe Ia. They assigned a zero velocity
to the strongest Nal D absorption, associating it with the host galaxy’s ISM, and then identified
additional absorption lines. They found 12 cases with blueshifted absorption, 5 with redshifted
absorption, 5 with either single or symmetric blue/red Na1 D absorption, and 13 cases with no
detected Nat D absorption (most of them in early-type galaxies). Sternberg et al. (2011) interpret
the 12-over-5 excess of blueshifted versus redshifted absorptions as signatures of the CSM and
conclude that >20-25% of SNe Ia in spirals derive from SD progenitors (although, as noted, such
absorptions may also arise in a DD scenario; Shen, Guillochon & Foley 2013).

Foley et al. (2012b) analyze a somewhat modified sample of 23 SNe Ia with high-resolution
spectra, finding 10 cases with blueshifts and 5 with redshifts. They further find an association
between ejecta velocity, as measured by Sill 16355 near maximum, and the presence of blueshifted
Nar D; SNe Ta with ejecta velocities vs; > 12,000 km~! s7! are more likely to display blueshifted
Nai D absorption. Foley et al. (2012b) point out that the run of ejecta velocities and their possible
association with the presence of a CSM outflow suggest asymmetric progenitors and explosions,
such that higher velocity ejecta are aligned with higher density CSM. Alternatively, the result
could imply a variety of progenitor systems, such that progenitors with denser or closer CSMs
tend to produce more energetic explosions. However, as already discussed, explosion energy and
host-galaxy type are correlated, which could provide an indirect link between explosion energy
and ISM (rather than CSM) absorption.

Maguire et al. (2013) reanalyze spectra for 16 of the Sternberg et al. (2011) events together
with new data for 16 additional SNe Ia while defining differently the zero absorption velocity. In
this combined sample, the excess of blueshifted over redshifted Na1 D absorptions is 11 versus 4,
again suggesting ~20% CSM-related absorption. Maguire et al. (2013) confirm the tendency for
vs; 2 12,000 km~! s7! to have blueshifted Na1 D and also find a correlation between B—J" color
at maximum and the equivalent width of the Nal D absorption (see also Forster et al. 2013).

Phillips et al. (2013) study a sample of 32 SNe Ia at high spectral resolution and find that a
quarter of the objects show anomalously large Nat D absorption relative to the dust extinction
implied by the SN colors. The same extinction is indicated by the SN colors and by the diffuse
interstellar band at 5,780 A, suggesting that the dust, despite its usual low values of Ry, is in the
host’s ISM rather than in the CSM of the progenitor. However, all of the objects with excess Nal
absorption have Nal D blueshifts, hinting that the Na is indeed in the CSM, which was perhaps
pre-enriched with this element [Phillips et al. (2013) outline several scenarios for this]. Then again,
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three SNe Ia in their sample having variable Nar D, which are therefore strong candidates for
having a CSM, do not show unusually strong Nar D lines.

3.3.9. Circumstellar dust and light echoes. Spectra of light echoing off interstellar dust clouds
have permitted spectacular classification of several historical Galactic SNe centuries after their
explosions, including two SNe Ia, SNR 0509-67.5 (Rest et al. 2008a) and Tycho’s SN (Krause
etal. 2008, Rest et al. 2008b). In principle, however, monitoring of SN light echoes at much earlier
times, whether by spatially resolving the echo or by inferring its integrated effect on spectra and
light curves, can provide a 3D mapping of the CSM and the ISM around the SN (Patat 2005, Patat
etal. 2006; see Rest, Sinnott & Welch 2012 for a review). To date there have been only four clear
detections of SN Ia light echoes: SN 1991T (Schmidt et al. 1994, Sparks et al. 1999); SN 1998bu
(Cappellaro et al. 2001, Garnavich et al. 2001); SN 1995E (Quinn et al. 2006); and SN 2006X
(Crotts & Yourdon 2008, Wang et al. 2008). In each of these cases, the optical light curve’s decline
flattened abruptly after a few hundred days, and the late-time spectra showed features from earlier
phases. The late-time spectra could be modeled well as luminosity-weighted averages of the past
spectral evolution of the SNe. Finally, HST imaging showed the actual resolved light-echo rings
expanding around the SN sites. In several of these cases, polarimetry provided further constraints
on the scattering geometry. Modeling of these data showed, in all cases, that the scattering dust
is at distances of a few tens to a few hundred parsecs, generally in front of the SNe. Wang et al.
(2008) raised the possibility that there exists an additional inner circumstellar echo component,
but analysis of the same data by Crotts & Yourdon (2008) argues against this option. The presently
known cases of light echoes most likely probe dusty regions far from the event and have no direct
bearing on the progenitor problem.

As noted above (Section 3.3.6), signatures of possibly circumstellar dust have been seen in
several CSM-interacting SNe Ia (Fox & Filippenko 2013). In three normal SNe Ia (including SN
2011fe), Johansson, Amanullah & Goobar (2013) use Herschel far-IR nondetections to set upper
limits on the circumstellar dust mass of <1072 —10"! M.

3.4. Post-Explosion Evidence in Supernova Remnants

Long after the explosions, the spatially resolved remnants of SNe can provide detailed dissected
views of the exploded systems, with additional possible clues to the progenitors. We now discuss
this approach to the problem.

3.4.1. Searches for surviving companions. The donor star in a SD scenario will survive the
explosion. It is likely to be identifiable by virtue of its anomalous velocity, rotation, composition,
temperature, or luminosity (e.g., Ruiz-Lapuente 1997; Marietta, Burrows & Fryxell 2000; Canal,
Meéndez & Ruiz-Lapuente 2001; Wang, Li & Han 2010; Liu et al. 2013b; Pan, Ricker & Taam
2013; Shappee, Kochanek & Stanek 2013).

Searches for a surviving donor star in Tycho’s SN of 1572 (as noted, a SN Ia confirmed with a
light echo spectrum; Krause et al. 2008, Rest et al. 2008b), based on chemical abundances, RVs,
proper motions, and rotation velocities, have not been able to reach a consensus (Ruiz-Lapuente
et al. 2004, Fuhrmann 2005, Thara et al. 2007, Gonzilez Herndndez et al. 2009, Kerzendorf et al.
2009). The individual studies have pointed out distinct preferred candidates and argue against
those of the other studies. Most recently, Kerzendorf et al. (2012), on the basis of Keck spectra
and proper motions from HST imaging, have concluded that there are no good candidates for
SD survivors of any type (giant, subgiant, or main-sequence) in this remnant. Conversely, based
largely on the same data, Bedin et al. (2014) continue to advocate a star labeled Tycho-G as the
likely surviving SD-scenario donor star. Although the two groups broadly agree regarding the
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measured abundances, proper motion, and RV of Tycho-G, they differ regarding the degree to
which these parameters are unusual or indicative of a donor-star origin for the star.

SN 1006 is widely considered a likely SN Ia on the basis of its 500-pc height above the Galactic
plane, its symmetry, and the absence of a neutron star (Stephenson & Green 2002). However,
the total iron mass in its remnant is apparently very low for a SN Ia, ~0.06 M, based on X-ray
emission lines of Fe-L (Vink et al. 2003) and Fe-K (Yamaguchi et al. 2008) and on UV and optical
absorption lines of cold Fell along multiple lines of sight to background sources (Wu et al. 1993,
Winkler et al. 2005). Conversely, the strong X-ray emission seen in Si, S, Ar, C, and O seems
consistent with expectations from the layered outer parts of a dynamically young SN Ia remnant in
which the reverse shock has yet to reach and heat the inner, iron-rich, regions (Badenes etal. 2007).
Those regions might nonetheless be photoionized by the X-ray emission from the reverse shock
(Hamilton & Sarazin 1984) and, hence, invisible to the UV-optical low-ionization-Fe absorption
studies. Be that as it may, Kerzendorf et al. (2013) and Gonzilez Herndndez et al. (2012), for this
SN remnant, agree on the absence of any apparent surviving companions with luminosities greater
than Ly ~ 0.5 Lo . Thus, if SN1006 was a SN Ia, all evolved SD donors are ruled out. Normal
main-sequence donors are still allowed, unless their luminosities are significantly increased by the
interaction with the ejecta, as predicted by the models for the postexplosion appearance of donor
stars, cited above.

SNR 0509-67.5 in the LMC is the remnant of an overluminous SN Ia from circa 1600 (Badenes
etal. 2008), confirmed as such with a light-echo spectrum by Rest et al. (2008a). Fortuitously, the
remnant is far from the center of the LMC in a region with low stellar density, and it has been
imaged to great depth with HST. Schaefer & Pagnotta (2012) show (Figure 7) that there are no
stars, down to V-band luminosities as low as Ly = 0.04 Ly, ;, in the area around the remnant’s
geometrical center that could be populated by a runaway donor star. This luminosity corresponds
to late-K-type main-sequence stars of mass ~0.5 My, and essentially rules out all traditional SD
companions. Some diffuse emission seen in the center of the remnant is an unrelated background
galaxy (Pagnotta, Walker & Schaefer 2014).

Another LMC remnant, SNR 0519-67.5, is projected on a denser stellar region and therefore
provides weaker limits on a surviving companion. A light echo found by Rest etal. (2005) indicates
an explosion that is 600 + 200 years old, and Rest, Sinnott & Welch (2012) indicate that the
echo’s spectrum confirms a SN Ia classification (but the spectrum is still unpublished). In this
case, Edwards, Pagnotta & Schaefer (2012), again using HST imaging, are able to rule out the
presence of surviving post-main-sequence donor stars, but 27 main-sequence stars that are close
enough to the explosion center cannot be excluded as surviving companions. However, as already
noted, the interaction with the ejecta would likely brighten such stars significantly, and hence the
main-sequence donor option is also in doubt.

Kepler’s SN of 1604 is thought to have been a SN Ia, but this has not been established beyond
doubt (see further discussion in Section 3.4.2 below). Kerzendorf et al. (2014) obtained spec-
troscopy for the 24 stars with L. > 10 L, in the central 38 arcsec of the remnant, none of which
show any signatures expected of a former donor star. There are also no potential red giant, AGB
(as has been proposed from hydrodynamical models, see below), or post-AGB surviving donor
stars in this region.

The SD scenario can perhaps circumvent the above constraints via the spin-up/spin-down
ideas (Justham 2011; Di Stefano, Voss & Claeys 2011; Hachisu, Kato & Nomoto 2012; see
Section 2.4), if the delay between the end of accretion and the explosion is long enough for the
donor star to evolve to a dim, undetectable, WD itself. However, as discussed above in Sections 2
and 3.1.6, the viability of fast WD rotation in general, and differential rotation in particular, faces
theoretical and observational challenges.
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Figure 7

Composite Hubble Space Telescope/ Chandra image, in B, V, I, Ha, and X-rays, of the ~400-year-old SN Ia
remnant 0509-67.5 in the Large Magellanic Cloud. The central 1.4-arcsec-radius circle is the 3o -confidence
region that could host a surviving donor star, considering uncertainties in the geometrical center and in the
remnant age and assuming the maximum plausible proper motion. As argued by Schaefer & Pagnotta (2012),
the nondetection of any potential surviving stars within this region, down to Ly = 0.04Lg 17, essentially
rules out the possibility of a surviving single-degenerate companion. Credit: NASA, ESA, CXC, SAO, the
Hubble Heritage Team (STScI/AURA), and J. Hughes (Rutgers University).

3.4.2. Searches for circumstellar medium interaction in remnants. Another approach to
search for clues of the progenitor systems in SN remnants is through hydrodynamical models for
specific remnants that are thought to have been SN Ia events. The modeling elements in such
analyses have included combinations of a pre-explosion environment (possibly shaped by outflows
from the system); evolution of the temperature, density, and ionization of the ejecta and the CSM,;
and attempts to reproduce the observed geometry, dynamics, and X-ray spectrum of a remnant
(e.g., Badenes et al. 2006, 2008; Kosenko et al. 2008; Kosenko, Blinnikov & Vink 2011; Patnaude
et al. 2012; Sorokina et al. 2004; and see Vink 2012 for a recent review).

Badenes et al. (2007) modeled the X-ray emission in seven young SN Ia remnants to test for
the presence of large (3-30 pc) wind-blown cavities in the ISM, with densities 7¢s, < 1073 em™,
centered on the explosion sites. They show that such swept-out cavities are expected in the context
of the optically thick, ~1,000 km s~!, outflows from rapidly accreting WDs in the wind-regulated
accretion picture (Hachisu, Kato & Nomoto 1996; see Section 3.1.3). In all of the seven cases
examined, the observations do not support this scenario. In fact, Badenes et al. (2007) find that
line fluxes and energy centroids in the X-ray spectra and the observed radii of the forward shocks,
at the known ages of the remnants, are always as expected for ejecta advancing through a uniform-
density ISM of 71¢5, &~ 1 cm™>. The fast pre-explosion outflows, leading to rarified CSMs, would
have resulted in larger forward-shock radii and weaker lines, by factors of a few. This result shows
that, if these SNe had SD progenitors, the growth of the WDs proceeded in some way other than
wind-regulated accretion or that such growth ceased long before the explosion, as in spin-up/spin-
down models. A CSM with a p o 772 radial density profile is expected from any constant-velocity
outflow, fast or slow, whether it is from an evolved donor star or from the accreting WD itself.
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Badenes et al. (2007) find that such density profiles also give poor correspondence with the data,
but only a limited range of these p o #~? models was studied. Support for a uniform-density CSM
comes also from modeling by Raymond et al. (2007) of the He filaments in the remnant of SN
1006, as seen in HST imaging. They conclude that 7.4, &~ 0.25—0.4 cm™*, with variations of only
~20% on parsec scales.

An exception to the absence of cavities in SN Ia remnants could be RCW 86, a proposed
remnant for the SN that exploded in 185 C.E. (Vink et al. 2006), which is possibly a SN Ia based
on the large observed mass of Fe and the absence of a neutron star. Vink, Kaastra & Bleeker
(1997), Badenes et al. (2007), and most recently Williams et al. (2011) do find evidence for a
12-pe-radius central cavity in this case. Conversely, this remnant, which is in an OB association,
has traditionally been considered a CC SN (e.g., Ghavamian et al. 2001).

Among potential SN Ia remnants, the remnant of Kepler’s SN of 1604 has been studied perhaps
in the most detail, but has also led to some confusing results. It was once thought to have been
a CC SN on the basis of an asymmetrically bright, dense, and nitrogen-rich shell of material in
the remnant’s northern side. More recently, however, it is generally assumed to have been a SN
Ia based on its high altitude above the Galactic plane (at least 350 pc, but possibly >800 pc, given
persistent incompatible estimates of its distance; see Patnaude et al. 2012), its high Fe and low O
content, and the lack of a detected neutron star (Reynolds et al. 2007). Chiotellis, Schure & Vink
(2012) model the remnant assuming a SN Ia explosion in a SD configuration with an AGB-star
donor of initial mass 4—5 M. The binary system likely had a high velocity of 250 km s~! away
from the Galactic disk (Borkowski, Sarazin & Blondin 1994), a velocity that may be difficult to
explain for a runaway binary (Vink 2012). In this picture, the northern shell arises from the forward
shock encountering a pre-explosion CSM of mass ~1 Mg; the CSM is previously shaped by its
movement through the ISM at the said high velocity (Borkowski, Blondin & Sarazin 1992; Vink
2008). Burkey et al. (2013) find further evidence for an AGB progenitor by using Spitzer 24-pm
data to distinguish shocked CSM from shocked ejecta emission. They identify an equatorial CSM
component that they associate with an edge-on disk-like outflow from an AGB donor.

However, as noted in Section 3.4.1 above, there is no surviving AGB star in the remnant within
the central 38 arcsec (Kerzendorf et al. 2014). A post-AGB star or young WD that is only a few
hundred years old would have a luminosity of ~10* L, (Bloecker 1995), but the brightest star,
even within a conservative 60-arcsec radius of the geometrical center, has a I’-band luminosity of
only 330 Ly (Kerzendorf et al. 2014). Furthermore, Patnaude et al. (2012), modeling the south
side of the remnant, report that a simple p o 7~ wind-shaped CSM, as favored by Chiotellis,
Schure & Vink (2012), cannot simultaneously fit the observed dynamics and the X-ray spectrum.
To fit all the data, Patnaude et al. (2012) find that a 0.1-pc low-density central cavity needs to be
included in the CSM model. Alternatively, a model that also works is one with no wind-shaped
CSM at all, but rather with a remnant that expands into a more-or-less uniform-density ISM.. A
north-south gradient in this ISM [a gradient that has some support from direct 160-pm emission
maps of the region by Blair et al. (2007)] could explain the northern bow shock. Each of these
solutions (small central cavity or uniform ISM) corresponds to a different and incompatible
distance to the object, which in turn implies a subenergetic or superenergetic SN Ia event (if,
indeed, Kepler’s SN was a SN Ia). With its multiple puzzles and contradictions, Kepler’s SN
remnant probably does not illuminate the SN Ia progenitor issue much at this point in time, but
it could if its type and distance became known.

Borkowski, Hendrick & Reynolds (2006) modeled two remnants in the LMC with strong Fe-L
line emission in their interiors, which they conclude requires a large interior density, as would
be expected from a slow pre-explosion wind. Although distinct from the fast accretion-driven
winds of the Hachisu, Kato & Nomoto (1996) scenario, this result may be considered as evidence
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for the presence of pre-explosion SD companions. However, without good X-ray spectra and
well-determined ages, the typing of these two remnants as SNe Ia is not secure.

Another interesting constraint comes from the existence of “Balmer-dominated shocks” pri-
marily in remnants thought to be of SN Ia origin (see Vink 2012). Optical spectra of such regions
show pure Balmer-line emission with a narrow core and a broad base. The narrow emission is
understood to arise by collisional excitation, by electrons and protons, of cold neutral hydrogen
just being overrun by the forward shock. The broad component is due to hot postshock protons
that undergo charge transfer with atoms, to become hydrogen atoms at excited levels, or sub-
sequent collisional excitation of those hydrogen atoms (Chevalier, Kirshner & Raymond 1980;
Heng 2010). CC remnants generally do not show Balmer-dominated shocks, which is reason-
able given that their SN explosions are bright in the UV and therefore can photoionize a large
surrounding region. Conversely, Ghavamian et al. (2003) have pointed out that the existence of
Balmer-dominated shocks, and hence neutral H, at radii of <30 pc in SN Ia remnants (and often
below 5 or 10 pc; see Vink 2012) limits the pre-explosion photoionizing flux of the progenitors
during the # ~ 10° /n years prior to the explosion (corresponding to the recombination time at
ambient densities of 7/(1 cm™?). Supersoft X-ray sources in particular, with their UV/X-ray lu-
minosities of up to ~10°® erg s!, would have carved out ionized Stromgren spheres of radius
~30 pc around the remnants (Rappaport et al. 1994), in conflict with the observed Balmer-
dominated emission at smaller radii.

3.5. SN Ia Rates and the Delay-Time Distribution

SN Ia rates and their dependence on environment and cosmic time can provide further clues to the
progenitor problem. In essence, finding the dependence of the SN rate on the age distribution of
the host stellar population can reveal the age distribution of the actual SN Ia progenitors. Different
progenitor scenarios involve different timescales that control the production rate of SN Ia events
and will thus predict different SN Ia age distributions. For a detailed review on surveying for SNe
for rate purposes, the derivation of SN Ia rates, and their application to the progenitor question,
see Maoz & Mannucci (2012).

A fundamental function for progenitor-question purposes is the distribution of times between
star formation and SN Ia explosion, usually called the delay-time distribution (D'TD). The DTD
is the hypothetical SN rate versus time that would follow a brief burst of star formation, with the
burst having one unit of total mass in formed stars. It is the “impulse response” that embodies
the physical information of the system, free of nuisances—in the present context—the diverse star-
formation histories (SFHs) of the galaxies hosting the SNe. Determining the D'T'D observationally
has increasingly become the objective of SN Ia rate measurements.

3.5.1. Theoretical expectations. As noted in Section 2, theoretical forms for the DTD can
be derived from BPS calculations, obtained by numerically evolving simulated populations of
binaries with chosen distributions of initial parameters or, alternatively, by following analytic
approximations (e.g., Greggio 2005). The DTDs for each progenitor channel can be compared
with observationally derived DT Ds.

The DD model naturally gives rise to a broad range of delay times (Yungelson & Livio 2000).
With some simplifying assumptions, this DTD form can be seen to result from the strong depen-
dence of the merger time on the postcommon-envelope separation of the WD pair (Greggio 2005,
Totani et al. 2008). Suppose the postcommon-envelope separation, 4, is distributed as a power
law, dN /da o a®, over the range of separations that will merge over a Hubble time. Suppose
further that the time until merger depends on the separation to some power, ¢ o #”. Then the
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form of the DTD will be given by dN /dt o t# with B = —1 + (« + 1)/y. For the angular mo-
mentum loss due to gravitational waves, y = 4. The postcommon-envelope distribution of WD
separations is generally found by BPS simulations to be similar in form to the input distribution
of main-sequence binaries, which is about flat in log separation, i.e., a power law with & ~ —1
(Toonen, Nelemans & Portegies Zwart 2012; Yungelson 2013). A ~+~! DTD is thus expected
even if the separation distribution is not exactly flatin log #, as long as the value of y is sufficiently
large. The “collisional DD” model by Katz & Dong (2012) (see Section 2.3) with y = 5/2 would
give a similar DTD.

The ~#+~! DTD behavior breaks down at short delays. A “bottleneck” in the process is the
production rate of WDs that can serve as SN Ia progenitors. The production rate is zero for at
least 30-40 Myr until main sequence stars with masses below ~8 M, evolve into the first WDs
to emerge from the stellar population. The WD production rate then rises to a maximum, and
falls as ~#~'/2 (e.g., Pritchet, Howell & Sullivan 2008), up to a cutoff time, #,, corresponding
to the main-sequence lifetime of the least massive stars whose descendant WDs contribute to a
DD-channel SN Ia. Because this main-sequence mass is usually considered to be 2-3 Mg, 7 is
generally ~1 Gyr. The D'TD will be the convolution of the WD production rate and the merger
rate dependences, resulting in a broken power law, ##, with indices 8 ~ —1/2 att < t, and g ~ —1
att > t,. More realistically, the supply of WDs that will eventually merge is more complex, given
that two WDs are required and that the time until they are “ready” to evolve solely via gravitational
decay depends on the initial binary parameters of their progenitors, which determine the ensuing
interactions among the pair. BPS simulations indeed show complex behavior (that varies among
models, according to the different physical recipes assumed) for the pre 7. D'TD shape. However,
as expected, the DD models generally do show the generic #~! behavior after ~1 Gyr. This can
be seen in Figure 8, which includes a compilation by Nelemans, Toonen & Bours (2013) of some
recent BPS theoretical D'TDs for the DD channel.

For the standard SD model, the defining property is that the accretion rate onto the WD needs
to be in a rather narrow range, near M ~ 3 x 1077 Mg, year™! (see Section 2 above). Such a rate is
realized only by main-sequence, or slightly evolved subgiant, donor stars that can transfer of the
order of 1 Mg, to the WD on a thermal (i.e., Kelvin-Helmholtz) timescale, z,, of the donor star (van
den Heuvel et al. 1992). A donor star, upon losing mass, will contract adiabatically on a dynamical
timescale. Thermal equilibrium is regained on a thermal timescale, causing re-expansion and a
renewed mass supply on that timescale (e.g., Pols & Marinus 1994). The accretion rate is thus

1M, 1M,

Mo~
e GMZ2/RL

M\
~3x 10’7M@year7I <2M ) , 3)
o)

assuming that stellar main-sequence radius scales with mass as R o« M and luminosityas L oc M *.
There is therefore a limited range of donor masses, 2-3 M, that can supply material at the
rate required for stable hydrogen burning on the WD surface. This is confirmed by detailed
calculations (e.g., Langer et al. 2000, Han & Podsiadlowski 2004). Because these systems explode
during, or shortly after, the main sequence, in many models the DTD is concentrated between a
few-hundred million years and 1-2 Gyr, dropping off sharply before and after (Yungelson 2005).
Figure 8 illustrates this for a set of BPS theoretical D'TDs for the SD channel.

Similar exponential cutoffs are seen in analytic approximations of SD model DTDs (e.g.,
Greggio 2005). A limiting factor of such predictions is that the binary evolution calculations
involve many uncertain assumptions, and therefore the theoretical D'T'D predictions vary among
different groups. This is apparent in particular for the SD channel in Figure 8.

Hachisu, Kato & Nomoto (1996) have suggested that an optically thick wind, driven from
the accreting WD, can stabilize the mass transfer in binaries where a low-mass giant fills its
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Figure 8

Observed versus theoretical delay-time distributions (DTDs). In both panels, points and the straight black lines are some of the
observationally derived DT Ds discussed here. Colored curves are theoretical DTDs adapted from the compilation of binary population
synthesis predictions for (#) double-degenerate (DD) models and (b) single-degenerate (SD) models by Nelemans, Toonen & Bours
(2013), who adjusted all models to have the same physical input parameters. All DTDs, observed and theoretical, are shown with a
consistently assumed definition (SNe per year per formed stellar mass) and a consistent initial mass function. The Toonen, Nelemans
& Portegies Zwart (2012) curve shown here corrects a misprint in the plot shown in Nelemans, Toonen & Bours (2013).

Roche lobe. The long evolutionary time of the low-mass donor can produce a SD model with
long delay times. Hachisu, Kato & Nomoto (2008b) proposed that this same optically thick wind
can strip mass from donors in the traditional main-sequence model, and thereby raise the mass
range for donor stars up to 8 M, thus extending the SD model also to short delay times. Studies
using these extended parameter ranges to calculate the D'TD on the basis of BPS (Meng & Yang
2010; Mennekens et al. 2010; Wang, Li & Han 2010; Bours, Toonen & Nelemans 2013) have
typically found DTDs that are indeed broader and (depending on how massive the donors are
that are allowed) extend to short delay times, but find very few systems with giant donors. The
reason is that the required period range for such systems, of a few hundreds of days, is sparsely
populated in BPS models by postcommon-envelope binaries (see Yungelson & Livio 2000). There
are known examples of symbiotic binaries (e.g., T CrB, RS Oph) and post-AGB-star binaries (see
van Winckel et al. 2009) observed in that period range, but their statistical fraction is unclear.
Hachisu, Kato & Nomoto (1999) proposed that many wide systems can evolve into this period
range by interaction of the binary with the slow wind of the giant, although the efficiency of
this process is debated. Combining all of these effects, Hachisu, Kato & Nomoto (2008a) have
suggested that a combination of SD main-sequence and red-giant channels could together give a
~t~!-shaped D'TD. The He SD channel is expected to contribute at short delay times (<108 year),
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owing to the fact that the He donors evolve from rather massive main-sequence stars with little
delay (and the WDs need to have formed even earlier, e.g., Wang et al. 2009a).

3.5.2. Observed delay-time distribution from supernova rates versus color and Hubble
type. The first observational indications for the existence of a range of SN Ia delay times (i.e., a
DTD) was found by Mannucci et al. (2005) and Mannucci, Della Valle & Panagia (2006), who,
analyzing a local SN sample (Cappellaro, Evans & Turatto 1999), demonstrated that the SN Ia
rate per unit stellar mass changes with host-galaxy color and Hubble type—parameters that trace
the SFR. Nonetheless, early-type galaxies with no current star formation were seen to have a
nonzero SN Ia rate (as was already well known). A similar SN Ia rate dependence on host color
and specific SFR was found by Sullivan et al. (2006) for the Supernova Legacy Survey (SNLS)
sample of SNe Ia, and more recently by Li et al. (2011b) for the Lick Observatory SN survey
(LOSS) sample (Leaman et al. 2011, Li et al. 2011c¢), and by Smith et al. (2012) for the SDSS-II
SN sample (Frieman et al. 2008, Sako et al. 2008).

Early interpretations of these results argued for the coexistence of two SN Ia populations:
a “prompt” population, with rates proportional to the CC SN rates (Mannucci et al. 2005) or
to the SFR (Sullivan et al. 2006), that explodes within ~100-500 Myr; and a delayed channel,
proportional to the stellar mass, that produces SNe Ia on timescales of order 5 Gyr. In the similar
“A + B” formulation (Scannapieco & Bildsten 2005), the SN Ia rate in a galaxy is proportional
to the stellar mass (through the A parameter) and to the galaxy’s SFR (through B). In retrospect,
however, the “prompt-plus-delayed” interpretation is, in essence, a DTD with two coarse time
bins, and these two “channels” appear to represent the two sides of a broad DTD. More quantitative
information on the DTD can be obtained by comparing the rates with the stellar age distribution
of each galaxy type and indicates that, indeed, to reproduce the SN rate versus host-color relations,
a broad D'TD is required, with delays below 0.5 Gyr to trace the SFR, and an extended tail to
25 Gyr delay times, to produce SNe Ia in galaxies with low current SFR. Mannucci, Della Valle &
Panagia (2006) and Mannucci (2008) show this using several SD models, and Maoz & Mannucci
(2012) show that a ~#! DTD can do so as well. Although the “4 + B” parameterization is still
sometimes used to analyze SN Ia rates, it is a poor physical metric. For example, the 4 component
depends on the mean stellar age of the monitored population; younger stellar systems produce
more SNe for any declining DTD.

3.5.3. Delay-time distribution from rates in galaxy clusters and field ellipticals. Measuring
the SN rate in galaxy clusters as a function of redshift is probably the most direct way to recover
the DTD. Optical spectroscopy and multiwavelength photometry of cluster galaxies has shown
that most of their stars were formed within short episodes (~100 Myr) at high redshift (z ~ 3;
Jimenez etal. 2007, Rettura et al. 2011), a good approximation to the §-function burst defining the
DTD. Thus, an almost-direct measurement of the DTD is provided by the observed SN Ia rate
per unit stellar mass in galaxy clusters as a function of the time since the cluster’s star-formation
epoch (i.e., the cosmic epoch at the observed cluster redshift minus the stellar formation epoch).
Cluster SN Ia rates have been measured over the past decade in the redshift range 0 < z < 1.5,
corresponding to DTD delays of 2-10 Gyr (Gal-Yam, Maoz & Sharon 2002; Germany et al. 2004;
Maoz & Gal-Yam 2004; Sharon et al. 2007; Gal-Yam et al. 2008; Graham et al. 2008; Mannucci
etal. 2008; Dawson et al. 2009; Dilday et al. 2010a; Maoz, Sharon & Gal-Yam 2010; Barbary et al.
2012; Sand et al. 2008, 2012). These measurements are still limited by significant Poisson errors
due to small SN numbers.

Maoz, Sharon & Gal-Yam (2010) derive a DTD based on most of these galaxy-cluster SN
Ia rate measurements, which is shown in Figure 8. They find consistency with a ~#~! form at
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t > 2 Gyr and show that the ~¢~! conclusion is not critically dependent on uncertainties in the
input parameters involved, such as the precise redshift of star formation in clusters, whether it was
a brief or extended burst or the contribution of ongoing low-level star formation in clusters, as
long as these are at the levels, redshifts, and cluster locations allowed by direct measurements of
star-formation tracers in clusters.

A related approach to DTD recovery was taken by Totani et al. (2008) using field ellipti-
cal galaxies instead of galaxy clusters. Comparing SN Ia rates in early-type galaxies of different
luminosity-weighted ages, seen at z = 0.4-1.2 as part of the Subaru/XMM-Newton Deep Sur-
vey, they were the first to show observationally that the DTD is consistent with a #! form. This
observed D'TD is also shown in Figure 8. Like the elliptical galaxies in clusters, field ellipticals are
dominated by old stellar populations created in a short burst at early times, allowing for a direct
derivation of the DTD. However, in general, the concept of a “typical age” for a host galaxy, inter-
preted as a SN Ia progenitor age, is a risky zeroeth-order approximation to the full SFH of a galaxy
(see Mannucci 2009, Maoz & Mannucci 2012). The SN rate of a galaxy with a wide distribution
of ages is likely to be dominated by the youngest stellar population, even when those young stars
are present only at low levels that may escape detection (Mannucci 2008). As opposed to ellipticals
in the central regions of clusters, which appear to be very quiescent, noncluster ellipticals often
host non-negligible amounts of late-time star formation (e.g., Zhu, Blanton & Moustakas 2010).

In a possible instance of this, Della Valle et al. (2005) found that radio-loud early-type galaxies
have higher SN Ia rates than otherwise-similar radio-quiet galaxies. A possible confirmation of the
effect was found by Graham et al. (2010). Mannucci, Della Valle & Panagia (2006) proposed that
quiescent early-type galaxies sometimes acquire new gas in a minor merger and that this material
leads to both radio activity (through accretion onto the central black hole) and star formation
which, in turn, produces prompt SNe Ia. Greggio, Renzini & Daddi (2008) have pointed to the
absence of the expected CC SNe in the same radio galaxies or in early-type galaxies in general
(e.g., Hakobyan et al. 2008). Nonetheless, CC SNe have been found in some early-type galaxies
showing clear signs of ongoing star formation based on UV data (Suh et al. 2011). The observed
rate trend in radio galaxies still lacks confirmation, and furthermore the constraints on the DTD
would be quite model-dependent, whereas other explanations have also been proposed (Capetti
2002; Livio, Riess & Sparks 2002).

Other applications of the “rate versus age” approach have been made by Aubourg et al. (2008),
Cooper, Newman & Yan (2009), Raskin et al. (2009), Schawinski (2009), and Thomson & Chary
(2011). They confirm the wide distribution of delays and, in particular, the existence of “prompt”
SNe Ia, though with a wide range defining the age of that population. Uncertainties are again
dominated by assumptions regarding the parent stellar populations.

3.5.4. Delay-time distribution from iron abundances in galaxy clusters. Constraints on the
DTD can also come from considering element abundances in galaxy clusters. As reviewed by
Maoz, Sharon & Gal-Yam (2010), X-ray observations of the intracluster medium (ICM) and
optical observations of the stellar populations determine the ratio of iron-to-stellar masses. As
iron is a main product of SN Ia explosions (with a mean of ~0.7 Mg, per event), and nothing
escapes the deep cluster potential, this ratio sets the time-integrated number of SNe Ia in clusters
per formed stellar mass (after estimating and subtracting the iron contributions by CC SNe). This
integral constraint, minus an integral over the D'TD at delays ¢ > 2 Gyr from direct cluster rate
measurements, can provide an indirect estimate of the DTD at delays 0 < # < 2 Gyr. Although
the DTD value thus obtained in this early bin tends to be somewhat high, it is consistent with
the ~#~! form found directly from the SN Ia rates at lower redshifts. Uncertainties on the mass
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of the iron in the stellar and ICM components, and on the contribution of CC SNe to iron
production, propagate into this estimate (Loewenstein 2013). The combined constraint on the
DTD power-law index is g = —1.2 £ 0.3.

The time evolution of iron abundance in clusters can, in principle, also be used to measure the
shape of the DTD. Calura, Matteucci & Tozzi (2007) show that a broad DTD that is peaked at
short delays, when combined with assumptions about the winds that transfer iron from the galaxies
to the ICM, can reproduce the observed evolution of iron abundance in the ICM between z =
0.2andz = 1.2.

3.5.5. Delay-time distribution from volumetric rate evolution. Another observational ap-
proach to recovering the DTD has been to compare the volumetric SN rate from field surveys,
as a function of redshift, with the cosmic SFH. On the one hand, an advantage of this approach is
the averaging-out, over large cosmic volumes, of the uncertainties in SN rates and SFHs that are
based on few galaxies. Furthermore, field surveys are not biased in favor of SNe in particular types
of galaxies, as opposed to galaxy-targeted surveys. On the other hand, uncertainties in the cosmic
SFH have remained a limiting factor in deriving a DTD (e.g., Graur et al. 2014). As the DTD is
the SN “response” to a short burst of star formation, the volumetric SN rate versus cosmic time,
Ry,(z), will be the convolution of the D'T'D with the SFH [i.e., the SFR per unit comoving volume
versus cosmic time, o(t)],

Rus() o /0 At — DN (D)dr. “

Starting with Ruiz-Lapuente & Canal (1998) and Sadat et al. (1998), numerous volumetric
rate measurements, progressively more accurate and at higher-redshift, have accumulated and
been compared with the cosmic SFH [see Graur et al. (2014) for a recent compilation]. Early
on, Dahlen, Strolger & Riess (2008), Dahlen et al. (2004), Strolger et al. (2004), and Strolger,
Dahlen & Riess (2010) argued for a DTD that is peaked at a delay of ~3 Gyr, with little power
at either shorter or longer delays. This conclusion was based on their measurements of the SN Ia
rate at z > 1 with HST. However, this conclusion was contested on the basis of both reanalysis of
the same data (Kuznetsova & Connolly 2007; Mannucci, Della Valle & Panagia 2007; Greggio,
Renzini & Daddi 2008; Blanc & Greggio 2008; Horiuchi & Beacom 2010) and additional z > 1
SN Ia rates (Poznanski et al. 2007). The main problems highlighted were the small number of
SNe, and hence the large statistical errors in the rates, compounded by systematic uncertainties
due to the necessary assumptions regarding SFHs and dust extinction. Mannucci, Della Valle &
Panagia (2006) further pointed out that such a narrow D'TD does not reproduce the dependence
of local SN Ia rates on galaxy colors (see Section 3.5.2, above).

Graur et al. (2011) discovered a larger sample of 37 likely SNe Ia at 1 < z < 2 by monitoring
the Subaru Deep Field. Additional new high-z SN Ia rate measurements also have emerged from
the recent CLASH (Graur et al. 2014) and CANDELS (Rodney et al. 2014) surveys with HST,
with the highest-redshift SN Ia in the latter survey atz = 2.15 % 0.1. Several authors (Graur etal.
2011,2014; Perrettetal. 2012; Graur & Maoz 2013; Kistler etal. 2013; Rodney etal. 2014) analyze
some or all of these new high-z SN rate measurements, together with precise new rates at lower
redshifts from SDSS-II (Dilday et al. 2010b) and SNLS (Perrett et al. 2012). They all find that a
DTD with a power-law form, ~#~!, when convolved with a wide range of plausible SFHs, gives an
excellent fit to the observed SN rates. For example, the best-fit power-law index found by Graur
etal. 2014)is B = —1.00 = 0.06 (random error, due to the uncertainties in the SN rates), +0.10
(systematic error, due to the range of possible SFHs). This power law is shown in Figure 8. The
precise z < 1 rate measurements are particularly constraining for the DTD. Graur et al. 2014)
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show that the rates are incompatible with the functional forms of DTDs from SD-model BPS
calculations, which have cutoffs at delays beyond several gigayears. Rodney et al. (2014) find that,
assuming the DTD isa #~! power law beyond 500 Myr, 30-65% of SNe Ia must have delays shorter
than 500 Myr, consistent with a #~! power law that extends all the way down to 40 Myr delays.

3.5.6. Delay-time distribution from star-formation histories of individual galaxies. The
convolution in Equation 4 between SFH and the DTD, giving the SN Ia rate versus time, applies
not only to a cosmological volume but also to individual galaxies. Brandt et al. (2010) and Maoz
etal. (2011) introduced similar methods for recovering the DTD from SN Ia samples for which
the monitored galaxies have individual estimated SFHs based on spectral synthesis. In essence,
the SFH of every individual galaxy is convolved with a trial universal DTD, and the resulting
current SN Ia rate is compared to the number of SNe the galaxy hosted in the survey (generally
none, sometimes one, rarely more). Maoz et al. (2011) applied the method to a subsample of the
galaxies in LOSS, and the SNe that they hosted with spectral-synthesis-based SFH reconstructions
by Tojeiro et al. (2009), based on spectra from the SDSS. The limited time-resolution of these
SFH reconstructions dictates that the recovered DTD has only three coarse time bins, with a
prompt SN Ia component, that explode within t < 420 Myr of star formation, an intermediate
component, at 0.42 < v < 2.4 Gyr, and a delayed component that explodes after t > 2.4 Gyr.
Brandt et al. (2010) apply their method to a sample of SNe Ia from the SDSS-II survey. Maoz,
Mannucci & Brandt (2012) apply the Maoz et al. (2011) algorithm to an SDSS-II sample that is
larger and more complete than the Brandt et al. (2010) sample, and correct several oversights in the
previous analysis. Finally, Graur & Maoz (2013) apply the method to a sample of SNe Ia discovered
in archival SDSS-I galaxy spectra (the galaxies happened to host a SN within the spectroscopic
aperture during the observations), again using the spectral-synthesis-based SFHs of the galaxies.
All of these three-time-bin D'TD reconstructions give similar monotonically decreasing DT Ds,
consistent with ~¢~!. For example, Maoz, Mannucci & Brandt (2012) find 8 = —1.07 & 0.07.
These DTD reconstructions are included in Figure 8.

Brandt et al. (2010) used the “stretch parameter” of the SN light curves to divide their SN Ia
sample into a “high-stretch” subsample and a “low-stretch” one, and derived the D'TD for each
subsample. They found that luminous, high-stretch, SNe Ia have most of their DTD signal at short
delays, whereas low-stretch SNe Ia have a DTD that peaks in the longest-delay bin. However,
this trend largely disappears in the analysis of the more-complete SDSS-II SN Ia sample by Maoz,
Mannucci & Brandt (2012). Perrett et al. (2012) similarly fail to see any strong stretch dependence
in their DTD analysis of volumetric SN Ia rates. Although such a dependence is expected on
the basis of the observed trends between light-curve stretch and mean host galaxy stellar age (see
Section 3.3.4), apparently the D'TD analyses still lack the precision needed to reveal it.

3.5.7. Delay-time distribution, downsizing, and the rate-mass relation. Indirect evidence
for a broad DTD comes also from an observed dependence of SN Ia rate per unit mass on galaxy
mass. Li et al. (2011c) first noted that the SN Ia rate per unit mass in the LOSS sample decreases
for more massive galaxies of a given type. The rate-size relation has been confirmed by Smith et al.
(2012) for SDSS-II SNe Ia and by Graur & Maoz (2013) for the SNe Ia discovered in archival SDSS
spectra. Kistler et al. (2013) show that this “rate-size relation” can be explained by a combined
effect of “downsizing” in galaxy formation—more massive galaxies are formed, on average, earlier
and on shorter timescales (e.g., Gallazzi et al. 2005)—combined with a ~¢~! DTD. Downsizing
produces different mean ages, and therefore SNe in more massive galaxies come from the low-
rate, long-delay tail of the DTD. Graur & Maoz (2013) independently confirm that downsizing
plus a ~#! DTD explain the effect for their sample as well. Kistler et al. (2013) investigate
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also the possible effect of metallicity on the rate-mass relation. Less massive galaxies have lower
metallicities (Tremonti et al. 2004, Mannucci et al. 2010). Stellar evolution at low metallicity can
produce more massive WDs, and the SN Ia rates could be affected if such WDs are easier to bring
to Mcy via accretion. However, for their model’s assumed influence of metallicity on WD mass
and SN Ia production, Kistler et al. (2013) find only a weak effect of metallicity on the rate-mass
relation.

We note in passing that the rate-mass relation permits a reliable estimate of the Milky Way’s
SN Ia rate. For Sbe spirals of Milky Way mass [(6.4 £ 0.6) x 10'° My; McMillan 2011], the
specific SN Ta rate is (1.12 & 0.35) x 1075 year™' Mg' (Li et al. 2011c), so if the Milky Way is
not atypical, the Galactic SN Ia rate is (7.2 £2.3) x 107* year™!. The mean time between Galactic
SNe Ia is thus 100-200 years.

3.5.8. Element abundances in stars. The different timescales of production of CC SNe and
SNe Ia, coupled with the different chemical yields of the two populations of SNe, produce diverse
abundance ratios in galaxies having different SFHs [see Nomoto, Kobayashi & Tominaga (2013)
for a review]. If a galaxy forms most of its stars in a single, brief episode of star formation, the
Fe-peak-element yields from most SNe Ia will not be incorporated into subsequent generations
of stars, whereas « elements, such as O, Mg, Si, and Ca from CC SNe, with their much smaller
delay time, will do so. As a consequence, the distribution of [«/Fe] (typically [O/Fe] versus [Fe/H])
is sensitive to the D'TD (Tinsley 1979, Matteucci & Greggio 1986, Matteucci 2001, De Donder
& Vanbeveren 2004). Matteucci et al. (2006) find that DTDs with ~10-30% of the explosions
occurring at <100 Myr are consistent with the abundance ratios of stars in the Solar Neighborhood,
but it is not clear if such a fraction of short delays is required by the data.

Mennekens et al. (2013) use BPS calculations combined with a Galactic chemical evolution
model to investigate which combinations of progenitor scenarios, binary evolution parameters,
SFHs, and initial mass functions (IMFs), can simultaneously match the observed DTD and the
distribution of [Fe/H] in Solar-Neighborhood G-dwarfs. Their main conclusion is that repro-
ducing the observed [Fe/H] distribution requires a high DTD normalization (i.e., models with
efficient SN Ia production), as indicated independently by SN-Ia-rate-based D'TD estimates (see
Section 3.5.10 below), and a significant early contribution to the D'TD. This can be achieved with
a combination of SD and DD progenitors, with binary parameters tuned to boost their SN Ia pro-
duction efficiency. Recent applications of chemical evolution modeling by Kobayashi & Nomoto
(2009), Matteucci et al. (2009), and Tsujimoto & Shigeyama (2012) take the inverse approach and
use the DTD from SN Ia rate measurements to constrain chemical evolution. With improved
stellar abundance data, chemical mapping could provide stronger constraints on the early-time
DTD.

Seitenzahl et al. (2013a) recently used the [Mn/Fe] abundance ratios in Solar-Neighborhood
stars to constrain the explosion scenario directly (i.e., not via the DTD). They find that manganese
is produced efficiently only in the high-density conditions of near-Mc, SN Ia explosions—sub-
M SNe Ia and CC SNe have yields that make [Mn/Fe] ratios that are about 3 times below Solar.
Consequently, the observed distribution of stellar [Mn/Fe] requires that roughly 50% of SNe Ia
come from near-Mc;, explosions, be they from SD, DD, or other progenitors.

3.5.9. Delay-time distributions from supernova remnants. An unconventional observational
DTD reconstruction has been carried out by Maoz & Badenes (2010) by applying the Maoz
et al. (2011) algorithm to a sample of SN remnants in the Magellanic Clouds (Badenes, Maoz
& Draine 2010) and treating this as an effective SN sample, one from a survey in which the
SNe are detectable for ~10 kyr (the visibility time of a SN remnant). The advantage of this
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approach is that the nearness of these galaxies permits derivation of detailed and accurate stellar
age distributions of the individual galactic regions that host the SNe. The stellar age distributions
are found by comparing the densities of the resolved stars in color-magnitude diagrams with
model stellar isochrones (Harris & Zaritsky 2004, 2009). The small number of remnants, with the
attendant large statistical errors, allows only the coarsest DTD resolution, with two SN Ia time
bins. Nevertheless, Maoz & Badenes (2010) find a significant detection of a prompt (this time
35 < t < 330 Myr) SN Ia component and an upper limit on the DTD level at longer delays
that is consistent with the long-delay D'TD levels measured with other methods. Larger samples
can be produced in the future via ongoing and proposed deep radio surveys for the SN remnant
populations in additional nearby galaxies, such as M33 and M31, and by using their spatially
specific stellar age distributions, again based on the resolved stellar populations.

3.5.10. Normalization of the delay-time distribution. Figure 8 compiles a number of the
observational DTDs described above. Despite the consistent ~#~! D'TD shape, obtained by nu-
merous different methods and samples, there is a clear tension among the normalizations of the
DTD, i.e., among the Hubble-time-integrated (“total”) numbers of SNe Ia formed by a stellar
generation. The DTDs based on volumetric SN Ia rates (which are not biased toward bright
galaxies and contain a significant number of SNe in dwarf galaxies; Childress et al. 2013, Leaman
etal. 2011) typically indicate a time-integrated SN Ia production efficiency of about one SN Ia per
1,000 Mg, formed [for an assumed “diet-Salpeter” IMF, Bell et al. (2003)]. Galaxy-targeted SN
surveys seem to find values about two times higher than this. Finally, DTDs based on galaxy clus-
ters are higher yet, perhaps by another factor of 2-3. In fact, there have been previous indications
for higher rates in cluster ellipticals than in field ellipticals (Mannucci et al. 2008, Dilday et al.
2010a). The highest observed D'TDs are a factor of 3-10 higher than the lowest ones. Although
the range in normalizations appears real, more work is required to confirm that some or all of it
is not due to systematic errors, such as incorrect global or individual galaxy SFHs for particular
galaxy types, surveys, or redshifts.

The lower-normalization DTDs are within reach of some of the DD-scenario DTDs from
some recent BPS models (Mennekens, Vanbeveren & De Greve 2012; Toonen, Nelemans &
Portegies Zwart 2012; Ruiter et al. 2013). For example, Toonen, Nelemans & Portegies Zwart
(2012) find a time-integrated number of SNe Ia in their models of 2-3.3 x 10~*M_!, i.e., an
order of magnitude lower than observed. However, this comes from considering as SN Ia progen-
itors only C/O-C/O WD mergers with total masses above Mcy. Considering all C/O-C/O WD
mergers, they find a time-integrated rate of ~0.8 x 107 M!, and this assumes 50% binarity of
the initial stellar population. A higher binary fraction would give a correspondingly higher result,
one quite similar to some of the observed DTD normalizations above, as apparent in Figure 8.

As also seen in Figure 8, the BPS predictions for SD models tend to be much lower than
DD predictions, both at short delays (although there is a large diversity among models), and
certainly beyond the cutoffs that SD models generically have at delays of a few gigayears. Their
normalizations thus miss the observed ones by at least an order of magnitude, and often by several.

A higher SN Ia number per formed stellar mass observed in the most massive galaxies could
perhaps be related to the recently noted dependence of IMF on galaxy mass (Cappellari et al.
2012, Conroy & van Dokkum 2012, Geha et al. 2013), or to the well-known excess of metals
in clusters, compared with expectations from SN yields and the present-day stellar population
(e.g., Maoz, Sharon & Gal-Yam 2010; Loewenstein 2013). However, it is unclear how the IMF
variations, which are seen in the subsolar-mass region of the IMF, could affect the production of
SNe Ia whose progenitors are WDs descended from intermediate-mass stars, on the part of the
IMF where variations have not been claimed.
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As already noted in Section 2 above, head-on collisions of WDs in dense environments, such as
globular clusters and galactic centers, have been proposed as a way of boosting SN Ia production,
which would raise the D'T'D normalization. Apart from collisions between unbound cluster WDs,
dynamical encounters between binaries and other cluster stars will harden the binaries (Shara &
Hurley 2002); such an effect has been used to explain the large enhancement in the number of
low-mass X-ray binaries observed in globular clusters (Sarazin et al. 2003). Rosswog et al. (2009)
show that, even if such an enhancement of WD collisions occurs, the small fraction of all WDs
that are in globular clusters means that this could explain only of order 1% of all SN Ia events.
Observationally, the lack of globular clusters at the locations of SNe Ia observed with HST (Voss
& Nelemans 2012, Washabaugh & Bregman 2013) rules out globulars as a significant overall
rate-enhancement mechanism for SNe Ia.

3.5.11. Summary of the observed delay-time distribution. In summary, SN Ia rate measure-
ments quite consistently indicate a ~¢~! DTD. The coarse time resolution of many studies, the
systematic uncertainties discussed above, and the sparse information below ~1 Gyr presently al-
low more structured shapes, but the overall behavior of the DTD appears to be similar to that
generic to the DD model. Long delay times are possible in SD models with red-giant donors, but
BPS models generally produce very few of them. Nonetheless, there is observational room for
a SD contribution at delays <1 Gyr, where the DTDs are not well constrained. As a result, the
DTD data presently cannot rule out comparable SD and DD contributions. However, in terms
of total numbers, BPS predictions for SD models are generally lower than DD predictions, which
themselves barely reach some of the observed DTDs.

4. SUMMARY

4.1. The Emerging Picture

The SN Ia progenitor question is far from resolved, despite the major efforts to address it (e.g.,
there are over 800 papers in NASA-ADS over the pastsix years with the words “Type-la supernova
progenitor” in their abstracts). Nevertheless, this large body of work has provided a wealth of
relevant information. Progress has been made in the observational domain, but also in theoretical
work where, e.g., recent 3D hydrodynamical simulations of mergers have revived the possibility
that double-detonation merger scenarios could produce normal SNe Ia. We summarize some of
the main observational results that have emerged.

®  Censii in the Milky Way and nearby galaxies of the potential progenitor populations of SNe
Tain the standard SD model—accreting WDs growing in mass toward Mc,—show that they
cannot be recurrent novae or supersoft X-ray sources for more than a small fraction of their
growth time. A hidden population of rapidly accreting WDs is also limited to being no more
than a minority of the progenitors based on the apparent absence of their expected ionizing
radiation. A population of differentially spun-up super-Mc, WDs, waiting to spin down and
explode, may be out there, but this has theoretical problems and seems at odds with the
very slow spins observed generically in WDs. As for close double WD binaries that could
be DD-model progenitors, both BPS calculations and surveys for such systems indicate that
their total merger rate is of the same order of magnitude as the SN Ia rate. The traditional
M or > Mch, C/O + C/O mergers are probably too rare, by a factor of at least a few, but
if lower-mass WD mergers, or even C/O + He WD mergers, lead to a normal SN Ia, then
their numbers are likely sufficient. Which ones, if any, actually lead to SNe Ia, and how, is
still unclear.
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®m SN 2011fe, the best-studied SN Ia and a very typical event to boot, has provided a wealth of
progenitor constraints, essentially all of them based on null results. This event’s immediate
environment was remarkably “clean.” There are strong limits on a pre-explosion companion
star, on any signatures of ejecta interaction with a donor star or with a CSM, on any X-ray
upscattering or optical absorption signatures by a CSM, and on any hydrogen that was
stripped from a companion and entrained by the ejecta. All of these are consistent with a
DD origin and challenge the SD picture for this event, unless spin-up is invoked.

B Variable Nal absorption, which could come from a CSM, has been seen, but only in three
normal SNe Ia and one CSM-interacting SN Ia. The 2/31 or 2/16 discovery statistics in well-
defined samples suggest an ~5-15% occurrence fraction. Statistical studies using single-
epoch high-resolution spectra deduce, on the basis of an excess of systems with blueshifted
versus redshifted Nar absorption, an ~20% fraction of progenitors with a CSM, but these
estimates still suffer from small numbers and systematics in defining samples and zero ref-
erence velocities. Although a CSM producing the variable Na absorption is expected in the
SD scenario, some DD merger models also predict such CSM absorptions.

® No normal SN Ia has shown signs of any entrained hydrogen from a companion, sometimes
up to stringent limits. However, a rare subclass constituting ~0.1-1% (maybe somewhat
more) of SNe Ia does show prominent variable hydrogen emission and other signs of CSM
interaction, such as kinetic energy input to the light curves. However, the implied CSM
masses may be of order a solar mass, and it is presently unclear how such CSM masses fit
into any of the traditional progenitor pictures.

®  Among SN remnants known or suspected to have been SNe Ia, none have thus far revealed
any obvious surviving SD-scenario donors, in several cases with strict upper limits. Hy-
drodynamic models of remnants having detailed X-ray observations almost always indicate
ejecta expanding through a uniform-density medium, rather than through a low-density
cavity from a pre-explosion SD-scenario wind.

B Derivations of the SN Ia DTD from a variety of SN Ia rate measurements and techniques,
in different environments and redshifts, are all consistent with a #~! dependence at delays
21 Gyr (although D'TDs from different samples may be showing somewhat different nor-
malizations of this distribution). Such a dependence is typically found for DD models,
whereas most BPS SD models predict few or no SNe Ia at long delays. A SD contribution
to the DTD at short delays is not yet constrained.

B From the diversity and correlations among observed spectral properties of SNe Ia and of
their host galaxies, a rough general trend has emerged. At one extreme are events with
high luminosities and slow light-curve evolution occurring in star-forming galaxies, with
high-velocity spectral features, no signs of unburnt carbon, higher symmetry indicators,
and a relatively high chance of showing intervening absorption. At the other extreme are
events with the opposite properties. As some of the former properties can be plausibly
associated with SD-model explosions, itis tempting to suggest the existence of two “families”
of progenitors, SD progenitors that produce the first type of events and DD progenitors
that make the second type of SNe Ia. However, there are some problems with this picture.
First, as reviewed in Section 3.3.4, the observed trends are weak, with large scatter, and
sometimes have conflicting claims on the sense of the relations and on selection effects.
Some combination of progenitor properties, e.g., age, metallicity, and others, may explain
the trend rather than two separate families. Second, if two very diverse progenitor channels,
e.g., a Mcy SD channel and a double-detonation sub-Mc, DD channel, were operating in
parallel with comparable numbers, it would be remarkable that observed SN Ia properties
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are so uniform and continuous—the very features of SNe Ia that have made them so useful
for cosmology.

From a recent-historical point of view, it is noteworthy that there has been something of a
paradigm shift. The DD scenario has traditionally been the underdog, with review articles (e.g.,
Livio 2000) often concluding that the SD model will eventually be confirmed. The main argument
against the DD scenario has been theoretical—that a DD merger would never lead to anything
akin to a SN Ia explosion. This theoretical objection is no longer very strong, as some merger
simulations now seem to successfully produce SNe Ia. And for several SN Ia events and remnants,
the observations suggest that, among the various models, only DD progenitors are not ruled out.
Thus, not only can the DD model no longer be rejected ofthand, but rather it could turn out to
be the main, or even the only, scenario behind SNe Ia.

4.2. Future Outlook

Future observational data, and progress on the theoretical issues, will undoubtedly provide new
clues to the progenitor problem. Apart from obvious breakthroughs, such as the direct detection
of a progenitor or the explosion of a previously known candidate progenitor, there are several
developments that, in the near or far future, could significantly advance the field.

On the theoretical side, open issues still are how exactly the accretion onto a WD proceeds in a
SD model and what the parameter ranges are (mass transfer rate, composition, rotation, accretion
history) that lead a C/O WD to grow in mass? Ignition in DD mergers is another unsolved
problem. Detailed 3D hydrodynamical models, including nucleosynthesis, exploring the run of
merger-model parameter space, are now being published. However, the finding that rather subtle
effects may be important, such as residual hydrogen or helium on the WD or residual carbon in
the centers of O-Ne WDs, suggests that robust results will require higher-resolution calculations
that take the previous stellar evolution into account in detail.

Progress is within reach also in the area of progenitor populations and the theoretical DTD.
A recent detailed comparison of four different BPS codes (Toonen et al. 2014) shows that their
outputs differ not because of numerical accuracy or treatment but because of different physical
assumptions. One clear conclusion, in particular for the DD and He-accreting SD models, is that
the phase in which one of the two stars is a He star needs more detailed investigation. In parallel,
comparison of the BPS predictions with observed local populations of binaries could calibrate out
many of the uncertainties in BPS codes.

Trurning to observations, the understanding of potential progenitor populations has advanced
thanks to wide-field spectroscopic surveys, such as SDSS, that led to large and homogeneous
samples of observed binaries. However, proper understanding of selection effects is still a challenge.
The successful launch of Gaia has signaled the next big improvement with the discovery of large
samples of WD binaries, for which distances and proper motions are also forthcoming.

The DTD has proved to be a powerful tool for testing models. A better knowledge of the parent
stellar populations, and site-specific measurements of SN Ia rate versus the stellar age distribu-
tions at the SN locations, can improve the accuracy of observational DTDs. The multivariate
distribution of delay times, explosion energies, host metallicities, and more (as opposed to the
single-variable D'TD), can provide physical links between these parameters, which will provide
sharper discrimination among models.

SN 2011fe was a watershed event, not only because of its nearness but also because of the
wealth of pre-explosion data and the very early and multiwavelength coverage. With the rising
prominence of time-domain, multimessenger surveys, it is likely that similar or even better data
will soon be available for additional SNe Ia.
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Gamma-ray observations of SNe Ia by future MeV-range missions should provide excellent
diagnostics not available at other energies. Horiuchi & Beacom (2010) simulate the gamma-ray
spectra and light curves of SNe Ia, out to Virgo distances, that could be obtained by the proposed
ACT mission, showing that various SD models would have distinct signatures in such gamma-ray
data. Summa etal. (2013) conduct this exercise for the proposed GRIPS and ASTRO-H missions.
They show that the same two SD and DD models, compared by Répke et al. (2012) to the optical
data for SN 2011fe (see Section 3.3, above), could be distinguished by gamma-ray data from these
missions. The & Burrows (2014) have made predictions, for an array of explosion models, for the
gamma-ray spectrum of the recent nearby SN 2014] in M82. Churazov et al. (2014) report, for
this event, the first gamma-ray detection of a SN Ia in the 847-keV line of *¢Co, thus opening up
this new portal to explosion physics.

In the more distant future, a space-based gravitational wave interferometer will be able to detect
signals individually from several thousand Galactic double WD systems with orbital periods below
10 min, i.e., thatare within ~1 Myr of merging (Amaro-Seoane etal. 2013). This will directly probe
the WD merger rate. Together with the millions of longer-period binaries that are detectable as
a foreground, this will provide quantitative information about the binary WD population and on
its relevance as SN Ia progenitors. The gravitational signal of an actual merger will be detectable
only for a Galactic (or perhaps Magellanic Cloud) event.

Indeed, we are arguably overdue for the privilege that Tycho, Kepler, and Galileo enjoyed, that
of a Galactic SN Ia. Of course, we may well have to wait a few more centuries for this occasion, but
when it comes, it will surely be another transformational event, this time for the understanding
of the workings of SNe Ia.
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