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2-D delayed detonation models
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width-luminosity relations for
2-dimensional delayed detonation models
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  R @1011-1012 cm    (main sequence, M = 1-6 Msun)  
  R @1013 cm             (red giant; M @ 1 Msun)

  a/R = 2-3 in Roche lobe overflow

a
R

single degenerate progenitor system
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ABSTRACT
The progenitors of Type Ia supernovae are thought to be white dwarfs in binary systems, but little

observational evidence exists to confirm the hypothesis. We suggest that the collision of the supernova
ejecta with its companion star should produce detectable emission in the hours and days following
the explosion. The interaction occurs at distances ∼ 1011− 1013 cm and shocks the impacting debris,
dissipating kinetic energy and re-heating the gas. Exposure of the hot surface layers can produce
an x-ray (0.1-5 keV) burst lasting minutes to hours with luminosity L ∼ 1044 ergs s−1. Radiative
diffusion from the deeper layers of shock heated ejecta produces a longer lasting optical/UV emission
(L ∼ 1043 ergs s−1) which exceeds the radioactively powered luminosity of the supernova for the
first few days after the explosion. These signatures are prominent for viewing angles closely aligned
with the symmetry axis, or about 10% of the time. The timescale, temperature and luminosity of
the collision emission provide a straightforward measure of the separation distance between the stars.
By systematically acquiring early time data on supernovae, it may then be possible to empirically
determine how the parameters of the progenitor system influence the outcome of the explosion.
Subject headings:

1. INTRODUCTION

Observations of Type Ia supernovae allow us to char-
acterize the outcome of the explosion – the burned and
ejected stellar debris – in remarkable detail. But we still
know very little about the starting point. In the most
widely considered scenario, Type Ia supernovae (SNe Ia)
result from carbon/oxygen white dwarfs which reach a
critical mass by accreting material from a non-degenerate
companion star. Observational confirmation of the bi-
nary nature of the progenitor system is lacking, however,
and almost nothing is known about the properties and
diversity of the companion stars. The proposed progeni-
tors should be rather dim, so it is not surprising that we
have so far failed to find them in pre-explosion images
of the host galaxies (e.g., Maoz & Mannucci 2008). One
therefore seeks other means of inferring the presence of
a stellar companion.

A few minutes to hours after the supernova eruption,
the debris ejected in the explosion is expected to over-
run the companion. The star is shocked by the impact,
and it’s envelope partially stripped and ablated, but it
survives the ordeal (Wheeler et al. 1975; Fryxell & Ar-
nett 1981; Livne et al. 1992; Marietta et al. 2000; Pak-
mor et al. 2008). Observations of the remnant of Ty-
cho’s 1572 supernova turned up a high-velocity G star,
claimed to be the runaway companion (Ruiz-Lapuente
et al. 2004). This identification is still debated (Kerzen-
dorf et al. 2009). Meanwhile, several attempts to look
for the stripped hydrogen in the spectra of SNe Ia have
detected nothing (Mattila et al. 2005; Leonard 2007).
The supernova ejecta is distorted by the collision, which
should lead to polarization of the supernova light (Kasen
et al. 2004). However, while polarization has been de-
tected in several SNe Ia (Wang & Wheeler 2008), there
is nothing to unambiguously indicate that this asymme-
try relates to companion interaction.

1 University of California, Santa Cruz
2 Hubble Fellow

Wheeler et al. (1975); Fryxell & Arnett (1981); Livne
et al. (1992); Marietta et al. (2000); Pakmor et al. (2008).

While the previous investigations have focused on the
long term consequences, one might wonder: could we
see the collision itself? Here we can draw an interest-
ing parallel with core collapse supernova explosions, in
which a shock wave propagates through the envelope of
a massive star. When that shock front nears the stellar
surface at radius R ≈ 1011 − 1013 cm, the post shock
energy escapes in an x-ray breakout burst lasting min-
utes to hours (Klein & Chevalier 1978; Matzner & McKee
1999). In the days that follow, optical/UV radiation con-
tinues to diffuse from the deeper layers of shock heated
ejecta. Eventually, the energy deposition from radioac-
tive 56Ni decay takes over. The early luminosity phase,
however, has been seen in several events, e.g., SN 1987A
(Arnett et al. 1989) and SN 1993J (Wheeler et al. 1993)
while the shock breakout itself was caught for SN 2008D
(Soderberg et al. 2008; Modjaz et al. 2008).

The same physics applies to Type Ia supernovae, but
because the radius of the progenitor white dwarf is so
small (Rwd ≈ 2× 108 cm) the breakout emission should
be extremely brief and the early luminosity remarkably
dim. The problem is that when energy input occurs
at small radii, adiabatic losses in the rapidly expanding
(v ≈ 109 cm s−1) ejecta are overwhelming, and the ther-
mal shock energy is converted to kinetic energy on the
expansion timescale (Rwd/v ∼ 0.1 sec), which is much
shorter than the diffusion timescale.

As it turns out, the separation distance between the
white dwarf and its companion star is presumed to be
a ∼ 1011 − 1013 cm, comparable to the radii of core
collapse progenitors. When the supernova collides with
its companion, the impacting layers are reshocked and
the kinetic energy partially dissipated. If the geometry is
favorable, some of this energy might escape straightaway
in a prompt burst, which will be followed by a longer-
lasting tail of diffusive emission – the analogues of shock
breakout and its aftermath in core collapse events. In this

supernova companion interaction
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density plot
red giant @
a = 2.5 x 1013 cm
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signatures of  
companion interaction

 search for tycho’s companion
   ruiz-lapuente et al (2004)
   kerzendorf  (2009)
    
 search for stripped hydrogen
  mattila al al., (2005)
   leonard et al., (2007)

 supernova polarization
  kasen et al., (2004)
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shock breakout in SNIIP
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shock breakout in SNIIP
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a ~ 1011-1013 cm
comparable length scale, velocities and temperatures 

as in core-collapse shock breakout

so does the collision produce an x-ray burst, followed 
by early UV/optical emission?

 

kasen 2009 apj submitted (astro-ph soon) analytic + some simulation
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reclosing

lateral expansion to refill
the hole on roughly 

the interaction timescale
t ~ a / v
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engulfed

the bulk of  the ejecta remains 
very optically thick 

at these phase
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prompt X-ray burst
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non-equilibrium, non-thermal effects
line fluorescence emission

sub-structure and variability
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providing an empirical means of  determining how the parameters of  
the progenitor system influence the supernova explosion 
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