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SNe Ia gave use the 
accelerating Universe 

 What else besides Cosmology?

➡Nobel Prize for the discovery of the 
accelerated expansion of the Universe 

➡SNe Ia used by SN Cosmology Project 
(Perlmutter) and High-Z SN search team 
(Schmidt, Riess) as standard candles 

➡High-redshift SNe fainter than expected → 
Universe very close to flat, but 
expansion is accelerating

Adam Riess Saul Perlmutter Brian Schmidt

Image: cfa.harvard.edu/supernova/newdata/data.html

In spite of the Nobel Prize, 
progenitor system(s) and 
explosion mechanism(s)  
of SNe Ia are unknown. 

http://cfa.harvard.edu/supernova/newdata/data.html
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white dwarf star hydrostatic equilibrium:

dP/dr = - ρ(r) g(r) 

gravity:

g(r) = G M(r) / r2

equation of state:

P = K ρ4/3

relativistic, degenerate e-

M = 1.4 M☉

ρc = 5.6 x 107 g cm-3

M = 1.1 M☉= 2.2 x 1033 g

R ≈ 5000 kmR ≈ 2000 km

M = 1.4 M☉

ρc = 2.9 x 109 g cm-3

M = 1.1 M☉

progenitor WD structure



2 major categories 
near-MCh vs sub-MCh 

e.g., delayed detonations 
pure turbulent deflagrations

e.g., violent mergers 
He double-detonations

➡ Mprimary ≈ 1.4 solar masses 
➡ ignition of deflagration by pycno-

nuclear fusion of 12C at high dens. 
➡ explode expanded/-ing profile 
➡ burning includes high density 
★ low entropy freeze-out 
★ electron captures

➡ Mprimary ≈ 0.8 —1.1 solar masses 
➡ ignition occurs as  
★ violent accretion stream 

triggers detonation  
★ He-layer detonates 

➡ detonate hydrostatic profile 
➡ burning at relatively low density



del-det

merger

Same 56Ni mass, morphology different

N100 delayed-detonation  
(Seitenzahl+2013) 

1.1+0.9 Msun violent merger  
(Pakmor+2012)



delayed-detonation merger

      Röpke+ (2012), ApJ, 750, 19

   Seitenzahl+ (2013), MNRAS, 429, 1156    Pakmor+ (2013), ApJ, 747, 10

Need to think of other  
distinguishing observables

SN 2011fe
Spectral comparison often 

inconclusive

Spectral comparison 
inconclusive



Other 
 distinguishing  
observables?

Seitenzahl+ 2011, MNRAS, 414, 2709



56Ni and 56Co γ-rays  
detected for SN 2014J by INTEGRAL

      Summa+ (2013), A&A, 554, 678        Churazov+ (2014), Nature, 512, 406
      Diehl+ (2014), Science, 345, 1162 



nucleosynthesis  
 considerations 
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Stable Fe and 57Ni 
Flörs et al., 2018, A&A 620, 200 



NSE freeze-out

F = (U - Q) - TS

S ~ T3 / 𝜌

—— network 
- - - - NSE55Co(p,g)56Ni

alpha/p-rich



Manganese - Mn

› 1: low entropy NSE           
most 55Co is produced here 

› 2: high entropy NSE 
55Co(p,g)56Ni destroys 55Co 

› 3: incomplete Si-burning 
  some 55Co is produced here 

- Densities in merger model 
too low to enter [1] 

- Merger model produces less       
55Co for same 56Ni 

- 55Co ➟ 55Fe ➠ 55Mn 
- 56Ni  ➟ 56Co ➠ 56Fe

Figure by  Florian Lach (U
niversität W

ürzburg)
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Figure 10: Distribution of the TPs in the T - fl - plane with the mass fraction
of 55Co in a color coded representation for four di�erent models: a)
CSDD-S, b) VM, c) N5def, d) N100. The colorbar ticks denote the
logarithm of the respective mass fraction (log

10

X(55Co)).
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delayed-detonation 
(Seitenzahl+ 2013)
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violent merger 
(Pakmor+ 2012)
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Manganese - Mn

Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure

3

   Seitenzahl et al. (2013), A&A, 559, L5

[Mn/Fe]≔log(N(Mn) / N(Fe))✦ - log(N(Mn) / N(Fe))⊙ 

To explain the Mn to Fe ratio in the Sun, SNe Ia 
from near-Mch primaries must exist!

GCE simulations give best match to solar 
neighbourhood for mix of near-Mch and sub-Mch
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decay chains

Effect of Auger and IC e
− on SN light curves 3

Table 1. Radioactive decay energies (keV decay−1)

Nucleus Auger e− IC e− e+ X-ray

57Co 7.594 10.22 0.000 3.598
56Co 3.355 0.374 115.7 1.588
55Fe 3.973 0.000 0.000 1.635
44Ti 3.519 7.064 0.000 0.768
44Sc 0.163 0.074 595.8 0.030

trons, we consider the following four decay chains.

56Ni
t1/2= 6.08d

−−−−−−−−−−→
56Co

t1/2= 77.2d
−−−−−−−−−−→

56Fe (1)

57Ni
t1/2= 35.60h

−−−−−−−−−−→
57Co

t1/2= 271.79d
−−−−−−−−−−→

57Fe (2)

55Co
t1/2= 17.53h

−−−−−−−−−−→
55Fe

t1/2= 999.67d
−−−−−−−−−−→

55Mn (3)

44Ti
t1/2= 58.9y

−−−−−−−−−−→
44Sc

t1/2= 3.97h
−−−−−−−−−−→

44Ca (4)

To circumvent the more complicated treatment of the
photon transport, in the subsequent discussion pertinent to
very late-time bolometric light curves of different classes of
supernovae, we limit ourselves to comparing leptonic (and
X-ray) energy injection rates. We do not include the energy
produced by the pair annihilation and further assume that
the kinetic energy of the leptons is completely thermalized
in situ. Thus, possible escape of positrons (or fast electrons)
is neglected.

The energy generation rates presented here do not in-
clude any heating due to γ-rays and therefore do not accu-
rately predict bolometric light curves. Our approach how-
ever does allow for a direct comparison of the relative con-
tributions to the heating of the positrons produced in the
decays of 56Co and 44Sc and the electrons produced in the
decays of 57Co and 55Fe. The relevant energies of the dif-
ferent decay channels are listed in Table 1. These data were
extracted from the Chart of Nuclides database, National Nu-
clear Data Center1.

3.1 SNe Ia

To date, the thermonuclear SNe with data cover-
age beyond 500 days are SNe 1991bg (Turatto et al.
1996), 1992A and 1999by (Cappellaro et al. 1997), 2000E
(Lair et al. 2006), 2000cx (Sollerman et al. 2004) and
2003hv (Leloudas et al. 2009).2 Only three – SNe 2000cx,
2001el (Stritzinger & Sollerman 2007) and 2003hv – have
been observed in the near-IR at very late epochs.

SNe Ia lack an extended envelope, and thus become
transparent to γ-rays relatively early. In fact, they enter
the positron-dominated phase about 150–300 days after
the explosion (Leibundgut & Pinto 1992; Milne et al. 2001;
Sollerman et al. 2004). Between 300 and 600 days, their
UVOIR light curves seem to follow the 56Co decay (e.g.
Stritzinger & Sollerman 2007), indicating that the major-
ity of the positrons are trapped. During this phase, flux is

1 http://www.nndc.bnl.gov/chart/
2 For two other SNe Ia with observations extending to
∼ 2000 days, SN 1991T (Schmidt et al. 1994) and SN 1998bu
(Cappellaro et al. 2001), light echoes dominate the late-time
emission after ∼ 500 days.
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Figure 1. Instantanous energy generation rates for initial abun-
dances taken from the W7 model of Iwamoto et al. (1999). Thick
lines are due to positrons, IC and Auger electrons alone. The thin
lines also include the full X-ray dose, which is small even in the
limit of complete X-ray trapping. The contribution of electrons
and positrons from the decays of 44Ti and 44Sc is too small to be
seen in this figure.

progressively shifted from the optical to the near-IR bands,
the JHK light curves being flat or declining very slowly.
Starting at ∼ 600 days there are some indications of a slow-
down in the V band below the rate expected for 56Co decay
with full positron trapping (Sollerman et al. 2004; Lair et al.
2006; Leloudas et al. 2009). It has been suggested that a
heating source other than 56Co, possibly other radioactive
species or electron recombination, may be needed to explain
this slow-down. We point out that a slow-down in the light
curve is expected when the leptonic energy injection from
the decay of 57Co becomes a significant contribution.

To illustrate this, we plot the leptonic energy generation
rates of important long lived isotopes between 500 and 2000
days for theoretical predictions of the yields of the fiducial
W7-model (Iwamoto et al. 1999) for a Type Ia supernova
(see Fig. 1). For this particular choice of yields, the slope
of the light curve begins to deviate appreciably from pure
56Co decay after about 800 days. After about 1000 days,
the heating due to the electrons produced in the decay of
57Co equals the heating from the decay of 56Co (mainly due
to the positrons). It is also noteworthy that the decay of
55Fe contributes significantly after about 1400 days (for this
model), but remains below the contribution of 57Co until
about 2000 days. The contribution of 44Ti and its daugh-
ter 44Sc is below 1035 erg s−1 and remains subdominant for
many years. In reality, the time at which these effects man-
ifest would depend on the isotopic ratios synthesized in a
particular explosion. Nevertheless, we predict that a slow-
down must eventually occur for reasonable nucleosynthetic
yields.

Electron capture radioactive decay also involves the
emission of characteristic fluorescence X-rays (for energies
see Table 1). Generally, these X-rays are also neglected as
an energy source for the light curve. Since the opacity of
the ejecta to X-rays is much higher compared to γ-rays,
some part of this X-ray radiation may be trapped; there-
fore this contributes to the heating. To properly quantify
this would require detailed radiation transport simulations
including realistic X-ray opacities. However, even under the
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some part of this X-ray radiation may be trapped; there-
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for production of internal conversion electrons is very large, due to the existence of a low-lying nuclear
level in the daughter nucleus 57Fe (see Fig. 1). For the first exited state (14.4 keV 3/2−) of 57Fe, the
internal conversion coefficient α = 8.58. This decay is 100% electron capture, and over 99.8% all decays
are into the 136 keV level. Captures to the higher lying 366.74 and 706.42 keV levels contribute only
marginally. For ground-state to ground-state electron capture transitions, such as in the decay of 55Fe,
no γ-rays or positrons are emitted. Assuming that the neutrino escapes without interactions, in such
transitions the Auger electrons and the X-rays constitute the only sources of radioactive heating.

1/2−

122.06 keV 136.47 keV

14.41 keV

9.15 %

10.71 %85.51 %

3/2−

5/2−

Figure 1: Ground state and first
two exited levels of 57Fe showing γ-
ray energies and intensities for the
decay of 57Co.

The following four decay chains contribute most to bolometric
supernova light curves:

56Ni
t1/2= 6.08d

−−−−−−−−→ 56Co
t1/2= 77.2d

−−−−−−−−→ 56Fe (7)

57Ni
t1/2= 35.60h
−−−−−−−−→ 57Co

t1/2= 271.79d
−−−−−−−−→ 57Fe (8)

55Co
t1/2= 17.53h

−−−−−−−−→ 55Fe
t1/2= 999.67d
−−−−−−−−→ 55Mn (9)

44Ti
t1/2= 58.9y

−−−−−−−−→ 44Sc
t1/2= 3.97h

−−−−−−−−→ 44Ca (10)

Here we do not model the radiative transport, we only compare
leptonic (and X-ray) energy injection rates. We do not include
the energy produced by the pair annihilation and further assume
that the kinetic energy of the leptons is completely and locally
deposited and thermalized. The energy generation rates presented
here do not include any heating due to γ-rays and therefore are not
predictions for bolometric light curves. This approach, however,
does allow for a direct comparison of the relative importance of
the different leptonic heating channels (positrons from the decays
of 56Co and 44Sc and electrons from the decays of 57Co and 55Fe.)
The relevant energies of the different decay channels are listed in
table 1. These data are taken from the National Nuclear Data Center1.

3 Late-time bolometric light curves

Bolometric light curves have to be reconstructed from multi-band photometry. For reliable reconstruc-
tion, the contribution of the UV/optical (UBVRI) and near-infrared (JHK) bands have to be included
(UVOIR light curve). However, near-IR observations are rare at very late epochs, and sometimes only
B-through-I band observations with a near-IR correction extrapolated from earlier epochs are used [4].
Below, we discuss some aspects and examples of different supernova light curves.

3.1 Type Ia supernovae

SNe Ia are thought to be thermonuclear disruptions of white dwarf stars and as such do not have an
extended envelope. Consequently, their ejecta become transparent to γ-rays relatively soon and the
positron-dominated phase generally starts 150–300 days after the explosion [5, 6]. Between 300 and
600 days, the UVOIR light curves fall exponentially with the 56Co decay half-life [7], a clear sign that
a constant fraction of positrons is trapped. Unfortunately, only few SN Ia were observed at even later
times, but there are indications of a slow-down in the light curves of some optical bands after ∼ 600
days [6, 8]. A particularly interesting case is SN 2003hv, which shows a slow-down in the bolometric

1http://www.nndc.bnl.gov/
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Difficult measurements

Conclusions come with caveats



supernova remnant tomography  
 with 

coronal lines in the shocked ejecta
Seitenzahl+ 2011, MNRAS, 414, 2709



Coronal lines
Voulgaris et al. 2012, Solar Physics, 278, 187

Low lying forbidden 
transitions, collisional 

excited, of highly ionised 
atoms emitting in the optical.  

[Fe XIV] 5303 
[Fe X] 6374 

T ~ 10 - 20 MK



MUSE on UT4 “Yepun”



SNR 0519-69.0 
R: X-ray, G: Fe XIV, B:Ha



SNR 0509-67.5 
R: X-ray, G: Fe XIV, B:Ha



N103B 
R: X-ray, G: Fe XIV, B:Ha



Constraining the models 
with SNR evolution  

Leahy & Williams, ascl:1703.006 



Also [Fe XV] 7062.1



[S XII] 7613.1 (red) 
[Fe IX] 8236.8 (blue)



BLASPHEMER models 
BLASt Propagation in Highly EMitting EnviRonment 

by Martin Laming 
 

Different lines probe different  
depths of the ejecta: 

SNR tomography!



Shock velocities 
time-dependent  

Leahy & Williams, ascl:1703.006 

SNR tomography has the  
potential to probe the time-
evolution history of the RS
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➡ Broad coronal lines in ejecta behind RS in three young 

Type Ia SNRs in the LMC: NEW DIAGNOSTIC 

➡ Gives first direct measurement of reverse shock speed 

➡ If ages are known, then we can constrain allowed 

explosion parameters via SNR evolution models 

➡ (mass, ambient density, explosion energy) 

➡ Further coronal lines allow for supernova tomography 

of the nucleosynthesis products in the ejecta



Ferrand, Warren, Ono, Nagataki,  
Röpke, Seitenzahl, 2019, ApJ (accepted) 
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➡ Broad coronal lines in ejecta behind RS in three young 

Type Ia SNRs in the LMC: NEW DIAGNOSTIC 

➡ Gives first direct measurement of reverse shock speed 

➡ If ages are known, then we can constrain allowed 

explosion parameters via SNR evolution models 

➡ (mass, ambient density, explosion energy) 

➡ Further coronal lines allow for supernova tomography 

of the nucleosynthesis products in the ejecta



Seitenzahl+ 2011, MNRAS, 414, 2709
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Vogt, IRS, Dopita & Ruiter 2017, PASP, 129



ESO PR image 
[O III] green, Ne I red, X-ray blue



CCO Spectrum 

Vogt+ 2018, Nat. Astron., 2, 465

Li (1.2–2.0 keV) = (1.4 ± 0.2) × 1033 erg s−1. 

(blackbody equivalent) source radius of 8.7(+4.9 -2.7) km 



NS cooling curves 
for light elem. env.

1.76 Msun

1.1 Msun

1E0102

Vigano+ 2012, MNRAS, 434, 123
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Fitted red- and blue-shifted H-alpha
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Å

�
1 ar

cs
ec

�
2i

[O
i]

63
64

[N
ii

]6
54

8

[N
ii

]6
58

3

[S
ii

]6
71

6

[S
ii

]6
73

1

H
a

65
63

[O
i]

63
64

[S
ii

]6
71

6

[S
ii

]6
73

1

N
e

i6
38

3

N
e

i6
40

2

N
e

i6
50

7

N
e

I6
67

8
6350 6400 6450 6500 6550 6600 6650 6700 6750

wavelength
⇥
Å
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1E0102.2-7219 
with MUSE

[S II]H-alpha

Our Mappings shock model calculations indicate 
enhancements relative to hydrogen in region 1: 

235,000 times SMC for O 
100,000 times SMC for S 
160,000 times SMC for Cl 
195,000 times SMC for Ar  

Seitenzahl+ 2018, ApJL, 853, 32 



Ferrand, Warren, Ono, Nagataki,  
Röpke, Seitenzahl, 2019, ApJ (accepted) 
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Figure 8. Time evolution of the kinetic, internal, and gravitational potential
energy for a model with a flame bubble ignited 25 km from the stellar center.
The nuclear energy released by burning in the deflagration (t < tdet, with
tdet = 2.45s) and the detonation (t > tdet) can be seen as a change in the sum of
these three energy components (blue).

a gross oversimplification of the underlying initiation process
which depends sensitively on the gradients of thermodynamic
variables within the heated region. Since gradients play a
central role, the resolution and the geometry of the flows
being simulated, such as those presented here, are important
considerations when investigating the potential for detonation.
The suite of simulations studied in this paper use a finest zone
size which is 4 km and limits the steepness of temperature
gradients which can be represented in our models. And although
detonations do arise in our simulations, drawing conclusions
from the results of simulations alone concerning the success or
failure of detonation will require investigations at significantly
higher resolution than has been possible to date.

We have made some efforts to address the robustness of
initiation with a suite of simulation models which employ a
patch of mesh refinement over the collision region having zones
as fine as 125 m. One of the principal findings of this study,
which is being prepared for publication elsewhere (C. A. Meakin
et al. 2009, in preparation), is that the gradients at the head of
the inward-directed jet component become steeper at higher
resolution which at first appears to inhibit detonation. However,
the higher-resolution flows develop turbulent structures within
the shear layers that form at the interface between the head
of the jet and the background stellar material, such as through
the Kelvin–Helmholtz instability, which thicken the fuel–ash
boundary to an extent that induction time gradients conducive to
the spontaneous initiation of a detonation may develop after all.

4.2. Propagation of the Detonation Wave over the Stellar Core

Once the detonation wave forms it propagates outward from
the spot of initiation nearly spherically, and consumes the
unburned carbon and oxygen remaining in the core. The time
sequence in Figure 5 shows the geometry of the detonation
wave as it propagates over the stellar core. The detonation wave
speed is a weak function of the upstream plasma density and
varies by only ±5% for the conditions present in the unburned
core, where 107 < ρ < 109 g cm−3 (see Figure 2 of Gamezo
et al. 1999). The detonation wave traverses the expanded WD
in tcross ∼ 2rdet/DCJ ∼ 0.4 s where the core size is roughly
rdet ∼ 2 × 108 cm and the detonation wave speed is DCJ ∼
109 cm s−1.

As the detonation wave propagates it compresses upstream
material prior to burning. Upstream material with a density
greater than ∼ 107 g cm−3 is compressed and heated strongly
enough by the shock that complete relaxation to NSE occurs
before the rarefaction wave behind the detonation expands
the material and it freezes out (see Section 5). At lower
upstream densities relaxation to NSE is incomplete and the ash
is composed of intermediate mass elements (IMEs) such as Si,
S, Ca, and Ar, i.e., the products of incomplete silicon burning
(e.g., Woosley et al. 1973; Arnett 1996).

Material which is compressed to densities exceeding
∼ 108 g cm−3 in the detonation wave develops a non-negligible
neutron excess through electron capture reactions. The strong
density dependence of the weak reaction rates limits this neu-
tronization to the centralmost regions of the star as evident in
Figure 6 which shows the spatial distribution of electron mole
fraction Ye as the detonation wave sweeps over the stellar core.
As discussed in Section 5, the final composition of the material
burned to NSE, including the fraction which is 56Ni, depends
on the degree of neutronization.

Detonation waves are subject to transverse instabilities which
influence the structure of the reaction zone and the reaction
products and introduce inhomogeneities in the downstream flow
(e.g., Gamezo et al. 1999; Timmes et al. 2000; Sharpe 2001).
Therefore, in order to faithfully capture in entirety the prop-
erties of the burning in a detonation wave the reaction length
scale must be resolved. An additional complication arises in
modeling detonations when the density scale height in the
medium through which the detonation propagates is comparable
to or smaller than the reaction length. Under these conditions
steady detonation wave theory cannot be applied and the re-
sulting reactive-hydrodynamic flow remains an active field of
research (Sharpe 2001). In the context of a carbon–oxygen, near
Chandrasekhar-mass WD (MCh), such conditions arise when
the upstream density is ∼ 107 g cm−3. Significant deviations
from a CJ detonation may arise and influence the resulting
IME yield. Since IMEs, such as Si and Ca, are primary ob-
servational diagnostics of the explosion mechanism underly-
ing SNe Ia (e.g., Wang et al. 2003, 2007), these uncertainties
have important implications for modeling all delayed detonation
scenarios.

In the models presented here, the stellar cores undergo only
modest expansion during the deflagration and detonation phases.
Between 90% and 97% of the unburned mass in the core has
a density which exceeds ∼ 107 g cm−3 at the time detonation
initiates and all of this material undergoes complete relaxation
to NSE, resulting in primarily 56Ni and a small fraction of stable
Fe-peak elements (Section 5 and Table 1). Therefore, only a
small amount of mass, which is confined to a thin shell in
the outer part of the core, is burned to IMEs by the detonation
wave. Within this narrow shell, the length scales associated with
transverse instabilities exceed the grid scale used (∆ = 4 km)
(Gamezo et al. 1999) and our numerical methods are sufficient to
capture them. However, material in this narrow region undergoes
rapid expansion after the detonation wave passes and it quickly
mixes with the turbulent layer of deflagration ash which lies
immediately above it so that it is difficult to discern the presence
of cellular structure if it did indeed arise. Significantly higher
fidelity simulations are required in order to study the impact
that transverse instabilities have under these conditions. While
these affects are negligible in the present suite of models,
more expanded, lower-density cores are likely to be much more
strongly impacted by this uncertain physics.

Movie Credit: Kai Marquardt
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Discovery of 57Co in SN 2012cg 3

FIG. 2.— Light curve of SN 2012cg at 570 < t < 1055 days after B-band
maximum light. F350LP, F555W, F814W, and F160W luminosities appear
as white, green, red, and magenta squares, as noted. The solid black curve
is the best-fitting exponential function to the F350LP measurements in the
range 570 < t < 640 days. The shaded region around this curve represents
the confidence region of the fit given the 68% statistical uncertainties of the
fitted parameters. The dashed purple and dot-dashed orange curves are the
predicted bolometric luminosities of SN 2011fe for the delayed-detonation
and violent merger progenitor scenarios, respectively, scaled down so that the
predicted 56Co-only decay matches the fit to the 570 < t < 640 days F350LP
data. The F350LP measurements at t > 900 days indicate that the light curve
is no longer dominated solely by the decay of 56Co; instead, its decline is
being slowed down by light emitted from the decay of 57Co to 57Fe.

(e.g., Li et al. 2011; Chomiuk 2013; Kasen & Nugent 2013;
Graur et al. 2014a), while we measure the optical component
of the light curve of SN 2012cg captured by the F350LP fil-
ter. Although the predictions were made for a different SN
Ia, SN 2012cg was observed to have the same intrinsic max-
imal brightness as SN 2011fe but a slightly slower decline
rate at early times (Silverman et al. 2012; Munari et al. 2013).
We solve both of these potential difficulties by comparing be-
tween the predicted bolometric light curve due to 56Co decay
for SN 2011fe and our fit to the 570 < t < 640 days F350LP
observations of SN 2012cg and scaling down the predicted
bolometric light curves accordingly. The F350LP measure-
ments are consistent with the resultant scaled-down predic-
tions but are not precise enough to discriminate with certainty
between the two progenitor scenarios.

As noted above, the two progenitor scenarios tested here
differ, among other things, in the amounts of radioactive iron-
group elements produced during the explosion. Thus, a mea-
surement of the ratio between the amount of 56Ni and 57Ni
produced during the explosion would provide a strong con-
straint for any progenitor and explosion model. Here, we
compute the luminosity contributed by the decays of 56Co,
57Co, and 55Fe by using the solution to the Bateman equation
in the following form (following Seitenzahl et al. 2014):

LA(t) = 2.221
B
A

λA

d−1
M(A)
M⊙

qA

keV
exp(−λAt)×1043 erg s−1,

(1)
where B= 0.235 is the scaling factor described above; A is the
atomic number of the decaying nucleus; λA is the inverse of
the half-life time of the decay chain; qA is the average energy
per decay carried by charged leptons and X-rays; t is mea-

FIG. 3.— Luminosity contributions from the decays of 56Co (blue dashed),
57Co (red dot-dashed), and 55Fe (green dotted). The total luminosity pro-
duced by these decay chains (black solid) fits the F350LP measurements with
a χ2 value of 2.1 for 12 degrees of freedom.

sured relative to maximum light; and we fit for the masses,
M(A), of 56Co and 57Co. Our late-time measurements are
not precise enough to also fit for the mass of 55Fe, so we set
its mass by using a ratio of M(57Co)/M(55Fe) ≈ 0.8 (model
rpc32; Ohlmann et al. 2014). The values of λA and qA used
here are enumerated in table 1 of Seitenzahl et al. (2009) and
table 2 of Seitenzahl et al. (2014). For 57Co, we also take into
account the energy emitted by the decay through the 14.4 keV
line (1.32 keV per decay).

With a χ2 value of 2.1 for 12 degrees of freedom, we find
a best-fitting 56Co mass of M(56Co) ≈ 0.6 and a mass ratio
of M(57Co)/M(56Co) = 0.049+0.014

−0.012. We show the luminos-
ity contributions from each deacay chain in Figure 3. Re-
stricting the fit to account only for 56Co and 57Co results in
the same 56Co mass but a mass ratio of M(57Co)/M(56Co) =
0.076+0.022

−0.020, larger by a factor of ∼ 1.6 (with a χ2 value of
2.5/12). We do not quote an uncertainty for the 56Co mass
as its value is degenerate with the scaling factor B. Without
a full bolometric light curve, we cannot measure this quantity
precisely, but note that it is consistent with 56Ni masses mea-
sured in other SNe Ia (Scalzo et al. 2014). The mass ratio,
however, is independent of the scaling factor. In Section 4.1,
below, we examine the value of the mass ratio in the context
of expected yields from various SN Ia explosion models.

Here, we have used RV = 3.1 to correct for both the Galac-
tic and host-galaxy reddening suffered by SN 2012cg. How-
ever, based on the observed colors of SN 2012cg around max-
imum light, Amanullah et al. (2015) find a lower value of
RV = 2.7+0.9

−0.7. While this value is consistent with the one we
use here, we note that the value of RV has no effect on the
value of M(57Co)/M(56Co), as it depends only on the slope
of the F350LP photometry, not their absolute values.

4. DISCUSSION
In this section, we first place the M(57Co)/M(56Co) mass

ratio found above in the context of current SN Ia explosion
models. Then, we address two other possible explanations for
the slow-down of the decline of the light curve at > 900 days:

We find evidence for 57Co dominated phase
Best fit to model: 2 x solar 57Ni/56Ni
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