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Importance [Livio]

• Understanding the progenitors and explosion 
models are essential for understanding systematics 
and galactic chemical evolution



the problem | shift in view

• “I thought I knew what the progenitors are.  I don’t 
know anymore.”—Livio 

• We used to ask, “What is a type Ia supernova?”; we 
now ask, “What are type Ia supernovae?”—Woosley



Model 56Ni Si+S KE/gm 

  Msun Msun 1017 

DD4 0.63 0.42 4.5 

W7 0.63 0.23 4.7 

10H 0.62 0.29 5.3* 

Delayed Detonation – DD4 -  (WW90) 

Accelerating deflagration – W7 – (NTY84) 

sub-Chandrasekhar – 10H – (WK11) 
*6.0 if include outer 0.045 
solar masses of hi-v helium 

The Answer 
(You already knew it) 

A SN Ia is the outcome 
of detonating 1 solar mass 
of carbon and oxygen with 

 ρmax ≈ 0.5 −2 ×108 g cm−3
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zeroth order

• Detonation of ≈ 1 Msun C/O is sufficient to produce 
something that is broadly consistent in appearance 
with bulk of observed Ia’s 

• We must do more



alternatives
ignition triggered by 

conversion of neutron star to 
quark star

ignition in a solo white dwarf 
triggered by pycnonuclear 
reactions

admixture of DM (~ few%) 
into WD lowers 

Chandrasekhar mass



single-degenerate
• formation of white dwarf, evolution to thermal instability 

(implicit lagrangian code, e.g., MESA) 

• simmering (or is it smoldering?): early stages with stellar 
evolution code (but important to treat electron captures—
convective Urca—carefully) 

• just prior to explosion: low mach number code (MAESTRO) 

• explosion: explicit hydro (FLASH) 

• post-explosion, light curve: radiative transfer





single-degenerate
• formation of white dwarf, evolution to thermal instability 

(implicit lagrangian code, e.g., MESA) 
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DDT models (Sim et al.)

Synthetic light curves and spectra for 3D delayed-detonation models of SNe Ia 339

Figure 4. Comparison of synthetic light-curve properties between our models and a sample of SNe Ia drawn from Hicken et al. (2009, excluding events with
a distance modulus µ < 33 mag.). Left: peak B-band versus peak V-band magnitude. Right: B-band magnitude versus B − V colour at tBmax. Observations are
shown as green crosses while measurements from our angle-averaged model light curves are shown as filled circles (black for our 12 models that differ only
in the number and distribution of ignition sparks; red for our two models that adopt different central densities; model N100 is shown as a black circle with a
red ring, for comparison to both sequences). The light grey crosses indicated results from the full orientation-dependent synthetic light curves (100 points for
each model).

Figure 5. As Fig. 4 but showing B- (left) and V-band (right) WLRs.

colours – comparisons of spectral features and light-curve proper-
ties will be drawn together in Section 4.

3.2.1 Angle-averaged spectra

In Fig. 7, we show angle-averaged synthetic spectra for four of our
explosion models at four epochs (7, 17, 23 and 33 d after explo-
sion). In all our models, both the early (e.g. 7 d post-explosion) and
maximum light (roughly 17 d post-explosion) spectra show clear
spectral features associated with intermediate-mass elements (e.g.
Si and S), as are characteristic of SNe Ia.

The strong Si II 6355 Å line and the weaker Si II 5972 Å line
both show clear systematic variation along our model sequence.
In the 7 and 17 d spectra, both lines are stronger in the fainter
models. The variation in the Si II 5972 Å line is greater, mean-
ing that the ratio of the equivalent widths (EWs) of the two
Si lines [EW(5972 Å)/EW(6355 Å)] clearly varies with luminos-
ity, as is observed (Nugent et al. 1995; Hachinger et al. 2008).
As time passes, the Si velocities decrease and the lines become
weaker. In our 33 d spectra, the Si and S lines have largely
disappeared – the spectral formation is dominated by fluores-
cence in iron-group material, although there are still clear Ca
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single-degenerate
• formation of white dwarf, evolution to thermal instability 

(implicit lagrangian code, e.g., MESA) 

• simmering (or is it smoldering?): early stages with stellar 
evolution code (but important to treat electron captures—
convective Urca—carefully) 

• just prior to explosion: low mach number code (e.g., 
MAESTRO); birth of flame (e.g., CASTRO) 

• explosion: explicit hydro (e.g., FLASH) 

• post-explosion, light curve: radiative transfer



      

      

Ignition Radius Likelihood

● Distribu
on of likely igni
on 
loca
ons

– Average hotspot radius over 
1 s intervals

– Consider Anal 200 s of 
evolu
on

● Vast majority of hotspots are 
moving outward from the 
center

● OD-center igni
on likely

 ► Histogram of likely igni
on radii from 
5763 non-rota
ng model.  Hotspot radii 
are averaged into 1 s intervals and colored 
by sign of temperature change





0                             5.9 ms                     11.9ms 

38,6403 effective resolution 
5 levels of AMR 

8.68, 4.34, 1.09, 0.271 and 0.135 km 
Ignited 41 km off center 

see Malone’s talk  

Initially laminar propagation from a point 
                   Malone et al (2014) 

radius = 2 km 
offset = 41 km 

150 ms                        265 ms                          469 ms                           

Malone et al (2014) 

WD radius = 1800 km 

Malone et al.





SD: Delay Time Distribution



rotation [Nomoto]



Collisions

• Rosswog et al., Raskin et al., Kushnir et al. 

• “With triple systems, you can do anything”—F. Rasio



• peak of WD mass distribution at 1.2 Msun/2 

• but, there is a distribution of impact parameters



Detailed View of 3D Spiral 
Instability Detonation
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lightcurves [Kasen]
pretty good agreement with 
observations (black lines) but with 
wide viewing angle dependence 
(the light red band)



magnetic fields

Naturally get very large 
magnetic fields (B ~ 
1010–1011 G) during 

merger



• Small C/O pollution + large nuclear network allows 12C(p, 𝛾)13N(α, p)16O and 16O(α, 𝛾)20Ne, 

bypass triple-α: Easy helium detonations!	

!
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(Shen & Moore ’14)

WD scale	

height

Ken Shen (UCB)

First detonation: Does the helium ignite?  Yes!

Holcomb+ ’13, 
pure helium,	

13 isotope net

Our estimates,	

pure helium,	

13 isotope net

Our estimates,	

He+C/O pollution, 
206 isotope net



sub-Chandra He ignition: pre-mixing 
of underlying CO into layer [Glasner]
Affects the post-runaway abundances. 
Helium disappears and the amount of 
intermediate mass elements increases 
drastically. 
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Spherically-averaged 2D full-star sims

• MWD ≲ 0.8 Msol: first or second detonation fails (?) → Long-lived merger remnant, R CrB	

• 0.8 - 1.2 Msol: successful detonation → SN Ia	

• ≳ 1.2 Msol: second detonation fails (O/Ne hard to ignite) → Long-lived merger remnant, AIC

Second detonation: Does the C/O ignite?  Yes!

imploding shock 
strength

0.66 0.94

1.05

1.09





spectra okay if not too 
much helium



all models are asymmetric



Potentially important discriminant of 
Chandra, Sub-Chandra: [Wheeler, Maeda]

!

• High density, > 109 g/cm3, electron 
capture on 56Ni => Stable Ni in 
center, excitation by 56Ni off-center   

• Evidence for high central density 

• Flat-top line profiles of [Fe II], in 
nebular spectra (Gerardy et al. 
2004), truncated lines in Mid-IR 
spectra (Telesco et al. 2014) 

• Abundance of 55Mn (Seitenzahl 
et al. 2013)

expansion velocity from the blueshift of the
absorption core of the strong SiII 6355 Å line in
all spectra where it was visible. This velocity
decreases with time. Fitting the postmaximum
velocity evolution and extrapolating it to the
earliest times, when the outermost parts of the
ejecta are visible, we derived the outer extension
of the bulk of Si. This represents a lower limit of
the outer extent of burning. The Si velocity v(Si)
is similar in all SNeIa, regardless of their lumi-
nosity: v(Si) = 11,900 ± 1300 km s–1.

A few SNe, defined as high-velocity-gradient
(HVG) SNe (11), are responsible for most of the
dispersion. They have a rapidly decreasing v(Si)
before maximum and very-high-velocity CaII
lines, possibly the result of high-velocity blobs
that carry little mass and kinetic energy but cause
high-velocity absorption features (HVFs) (12)
that can abnormally broaden the SiII line profile
(12, 13). Although excluding them from the
sample decreases the dispersion in v(Si) signif-
icantly [v(Si) = 11,300 ± 650 km s–1], we
include all of these SNe in our discussion.

The maximum Si velocity thus measured is a
conservative estimate. The deep absorption core
is produced in layers of high Si abundance. Si is
present at higher velocities, indicated by the
wavelength of bluest absorption in the earliest
spectrum of each SN. However, measuring the
bluest absorption velocity yields a large scatter
because the earliest spectra have different epochs
and may be affected by HVFs (12). Our method
reliably determines the outer location of the bulk
of IMEs.

The inner extent of Si, determined from the
asymptotic velocity of the SiII 6355 Å line in
postmaximum spectra [fig. 1 in (11)], is a steep
function of Dm15 (B). The brightest (slowest-
declining) SNe have the thinnest Si zones.

The inner ejecta, dominated by NSE elements,
are best observed ~1 year after the explosion,
when dilution caused by expansion makes the
SN behave like a nebula, exposing the deepest
layers. Collisions with the fast particles produced
by the decay of 56Ni→ 56Co→56Fe heat the gas,
which cools, emitting radiation mostly in forbid-
den lines.

We modeled the nebular spectra using a
code that computes line emission, balancing
heating and cooling in nonlocal thermodynamic
equilibrium (NLTE) (14), including density
and abundance stratification. We adopted the

density-velocity distribution of the standard,
one-dimensional, MCh explosion model W7 (1)
(fig. S1). In the nebular phase, the gas is trans-
parent, and line emissivity depends on the mass
of the emitting ion. Accurately estimating this
mass requires determining the ionization state of
the gas. Forbidden lines of FeII and FeIII
dominate SNIa nebular spectra, reflecting the
high abundance of NSE material. Fe is mostly the
product of 56Ni decay, which provides heating.
The stable, neutron-rich isotopes 54Fe and 58Ni do
not contribute to heating but do contribute to
cooling, because they also emit forbidden lines.
Their presence affects the ionization balance.
Both are mostly produced deep in the WD, at
the highest densities. The 54Fe nebular lines have
wavelengths indistinguishable from those of 56Fe.

We determined the mass and distribution in
velocity of the Fe isotopes (and thus of 56Ni),
simultaneously fitting the ratio of the two strongest
Fe emissions (fig. S1). One, near 4700 Å, includes
both FeII and FeIII lines, whereas the other, near
5200 Å, is only due to FeII. A low upper limit to
the mass of 58Ni is set by the absence of strong
emission lines (in particular at 7380 Å).

In the deepest layers (Fig. 1), all SNe con-
tain ~0.1 to 0.3 M⊙ of stable NSE isotopes,
with a large scatter and no dependence on
Dm15 (B) [see also (15)].

As expected, the 56Nimass correlates inversely
with Dm15 (B), ranging from 0. 9 M⊙ for the
slowest-declining (most luminous) SNe to 0.1M⊙
for the fastest-declining (dimmest) ones. The root
mean square (rms) dispersion is 0.13M⊙, but SNe
with intermediate decline rates [Dm15 (B) ~ 1.05 to
1.5magnitudes] showvariations of almost a factor
of 2 for the same value of Dm15 (B). These SNe
could cause scatter about the mean luminosity–
decline-rate relation (16).

Once the contributions of 56Ni, 54Fe, and 58Ni
are added together to evaluate the total NSE mass,
the dispersion decreases to 0.09 M⊙. If SNe with
different amounts of 56Ni, and thus presumably
different temperatures, but similar NSE content
have similar Dm15 (B), it is likely that abundances
(17) rather than temperature (18) primarily de-
termine the opacity and light-curve shape.

The outer velocity of the NSE region, deter-
mined from the width of the Fe lines, correlates
with SN luminosity (19). It coincides with the
innermost Si velocity, marking the transition from
complete to incomplete burning: The difference
between these two velocities, D(v) = 650 ± 900
km s–1, is consistent with zero. This results from
two different methods applied to data obtained
almost 1 year apart.

Thus, whereas the mass of 56Ni, and conse-
quently the SN luminosity, can differ significantly,
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University of California, Santa Cruz, 1156 High Street, Santa
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Fig. 1. The Zorro diagram: Dis-
tribution of the principal isotopic
groups in SNeIa. The enclosed mass
(linked to velocity via the W7 ex-
plosion model) of different burning
products is shown versus decline-
rate parameter Dm15 (B) (a proxy
for SN luminosity). Individual SNe
are colored according to their
velocity evolution (11): HVG, blue;
low velocity gradient (LVG), green;
and faint, red. Open circles indicate
the mass of stable 54Fe + 58Ni for
each SN, solid circles indicate that
of 56Ni, and open triangles indicate
the sum of these (total NSE mass).
Crosses show the sum of NSE and
IME mass, indicating the total mass
burned. The IME mass is the
difference between crosses and
triangles. 54Fe and 58Ni are found
in roughly constant amounts in
the deepest parts of all SNe, ir-
respective of luminosity: M(sta-
ble NSE) = 0.20 ± 0.05 Mʘ (lower
horizontal shaded area). The 56Ni
mass determines the SN lumino-
sity. It correlates with Dm15 (B):
M(56Ni) = 1.34 – 0.67Dm15 (B)
[Mʘ], with rms dispersion 0.13Mʘ (lower diagonal shaded area). The total NSE mass correlates with Dm15
(B) better than M(56Ni): M(NSE) = 1.55 – 0.69Dm15 (B) [Mʘ] , rms dispersion 0.09 Mʘ (upper diagonal
shaded area). IMEs lie mostly outside the iron-group zone. The outer Si velocity is similar for all SNe except
HVG SNe. The mass enclosed by IMEs represents the total burned mass. When all SNe are included, the
average value is ~1.05 ± 0.09 Mʘ (upper horizontal shaded area). Excluding HVG SNe, the value is
~1.01 ± 0.05Mʘ (horizontal line). Both values are independent of Dm15 (B). For a version of this plot
with SN names and a bar diagram, see figs. S2 and S3.
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(Mazzali+ ’07)



❖ If	  the	  shortest	  
lifetime	  of	  majority	  
of	  SNIa	  is	  <1Gyr,	  I	  
need	  a	  metallicity	  
effect;	  low	  rate	  
@[Fe/H]<-‐1.	  

❖ The	  metallicity	  effect	  
should	  be	  tested	  with	  
JWST☺

Chiaki	  Kobayashi	  
sorry,	  my	  flight	  is	  at	  6:30pm…



Spectral Comparison

At approximately maximum light:

6100Å P Cygni Si line stable
Variations with metallicity strong at 3000 and 4000-4200 Å
Good to have a mix of invariant and variant features

Townsley





observables | models should

• explode 

• produce bolometric and multi-color light curves 

• produce multi-wavelength, multi-epoch spectral 
evolution 

• spectropolarimetry



observables | models should

• not run too slowly! 

• “[Core-collapse] Supernovae theory has been 
retarded by the reliance on … codes that run slowly 
and seldom.”—Burrows and Goshy ’93, ApJ



More codes

TARDIS (Sim)



looking for companions



Facility for Rare Isotope 
Beams | Michigan State

http://video-monitoring.com/construction/msufrib/slideshow.htm?img=http://video-monitoring.com/construction/msufrib/pics/d3/feb2814n/m031210h.jpg&station=FRIB


Joint Institute for Nuclear 
Astrophysics
• NSF Physics Frontier Center 

• Lead institution: MSU 

• Just renewed! Goal is to understand the origin and 
evolution of the elements



what do theorists want 
(from observers)?
• more spectropolarimetry 

• more late-time (yr) spectra; determination of line profiles to high precision 

• a better gamma-ray telescope 

• early-time UV 

• data-driven model for spectra 

• be ready for serendipity 

• good follow-up on the relatively near neighbors 

• do we understand the required statistics to solve problems? 

• long-term followup—look for companions (esp. He donors)


