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Figure 6. The progenitor detections are marked with error bars (data from Table 1 and the limits
are marked with arrows (data from Table 2). The lines are cumulative IMFs with different minimum
and maximum masses.

star-forming regions. Williams et al. (2014) also suggest that
their results are compatible with progenitors all coming from
masses M < 20 M⊙ although the uncertainties do not rule
out the possibility of no upper-mass cut-off.

3.3. Possible explanations

The reasons for these missing high-mass progenitors are dis-
cussed as follows

3.3.1. Dust formation and circumstellar extinction
As discussed in Section 2.1.3, the extinction toward the pro-
genitors is often estimated from the extinction toward the SN
itself, or the nearby stellar population. The former estimates

may not be directly applicable since the circumstellar dust
around the progenitor stars can be destroyed in explosions—
as in the case of SN2012aw and SN2008S.

Walmswell & Eldridge (2012) calculated the dust that
could be produced in red supergiant winds and the extra ex-
tinction that this would produce. The idea is well motivated
and valid, but Kochanek et al. (2012) showed that treating
CSM extinction with a slab of ISM material is not physically
consistent. As shown in Kochanek et al. (2012), the pro-
genitor of SN2012aw was thought to be quite a high-mass
star but correct treatment of radiative transfer in a spheri-
cal dust shell reduces the progenitor luminosity limit while
comfortably fitting the optical, NIR, and MIR detections and
limits. The major concern for this sample is that the objects
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Figure 5. The maximum likelihood of the minimum and maximum initial
masses of the type II progenitor distribution, assuming the stars follow a
Salpeter IMF. Originally calculated in Smartt et al. (2009), and reproduced
here with the updated and extended masses in this review. The dashed lines
show the confidence contours (68, 90, and 95%) for the detections only
and the solid lines show the confidence contours for the detections and
upper limits combined. The star symbol marks the best fit, as described in
Section 3.2, of mmin = 9.5+0.5

−2 and mmax = 16.5+2.5
−2.5. This is for the masses

from the STARS and Geneva rotating models, the values for the KEPLER
masses are given in the text.

follow a Salpeter function. For the masses estimated with the
STARS (and rotating Geneva) models, the values determined
(using the same idl routine as employed in Smartt et al. 2009)
are a minimum mass for the distribution of mmin = 9.5+0.5

−2

and a maximum mass of mmax = 16.5+2.5
−2.5 where the errors

are the 95% confidence limits (see Figure 5). If we employ
the KEPLER models, then the values are mmin = 10+0.5

−1.5 and
a maximum mass of mmax = 18.5+3

−4 (again with 95% confi-
dence limits). These results are illustrated further in Figure 6
where the masses are plotted with a Salpeter IMF (cumula-
tive frequency function). The plots show that the mass dis-
tributions are comfortably reproduced with a standard IMF
between the lower and upper mass limits from the maximum
likelihood calculations, but they need to be truncated at the
higher mass. If one allows the mass function to vary up to
say 30 M⊙, then the mass distribution cannot be reproduced.
This is the same basic result as shown in Figure 3—the pop-
ulation of progenitors is missing the high-mass end of the
distribution, but this time the IMF is quantitatively consid-
ered. The maximum likelihood calculation is visualised in
this cumulative frequency plot—given an IMF slope, the line
fit should go through the error bars of the detections and not
conflict with any of the upper limits.

The lower mass limit to produce a core-collapse SN was
estimated in Smartt et al. (2009) to be mmin = 8.5+1.0

−1.5 from
the same method and the sample to that point. Smartt (2009)
reviewed the limits from the maximum masses of white dwarf
progenitors, suggesting a convergence at mmin = 8 ± 1. The
two values estimated here slightly higher: the value from
the STARS models is mmin = 9.5+0.5

−2 (integer mass models
evolved through C-burning down to that mass have been
calculated) which is not significantly different to that esti-
mated previously given the errors. The value from the KE-
PLER models is higher again, at mmin = 10+0.5

−1.5. However,
low-mass models (7–10 M⊙) are not available from KE-
PLER and the values in this luminosity range were estimated
assuming the same differential in luminosity between KE-
PLER and STARS models exists between 7 and 10 M⊙ as
at 11 M⊙ (Figure 4). This is uncertain and the lower mass
from KEPLER should not be treated as a quantitative esti-
mate: mmin is critically dependent on the mass estimates for
the three lowest luminosity progenitors and if these are ad-
justed down by ∼1 M⊙then the value of mmin = 9.5 would
be reproduced. Some further quantitative modelling of stars
in this interesting mass range is required to reproduce the
stellar luminosities and produce either a Fe-core collapse
or O–Mg–Ne core that collapses through electron capture.
Despite this uncertainty at the lower end, the existence of
a high-mass upper limit for type II SNe appears be secure.
The value is model dependent of course, but the basic re-
sult is that type II progenitors are statistically lacking above
a log L/L⊙≃ 5.1 dex. The final model luminosities at this
value are stars with mmax = 16.5 (19 M⊙ at 95% confidence)
for the STARS and Geneva models and mmax = 18.5 (21.5
M⊙ at 95% confidence) for the KEPLER models.

While Smartt et al. (2009) first discussed this as the ‘red
supergiant problem’, the lack of detected high-mass progen-
itors is now a broader issue for all SN types. This broader
issue of a lack of high-mass progenitors generally was dis-
cussed in Kochanek et al. (2008), who took all historical
and literature limits to that date. The fact that there are now
three type IIb SNe in our sample with progenitor detections
(Table 3) and these also have luminosities less than ∼5.1 dex
illustrates that the missing high-mass star problem is relevant
for all type II SNe (type II-P, II-L, IIb). We address the issue
of type IIn progenitors below.

Alternative methods of probing the mass function of SN
progenitor stars have been recently advanced by Williams
et al. (2014) and Jennings et al. (2014). These use similar
methods of quantifying the stellar population around histor-
ical SNe in galaxies closer than 8 Mpc and around SN rem-
nants in M31 and M33. They use high-quality HST imaging
and careful stellar photometric measurements to determine
the luminosity and masses of stars within the immediate
vicinity of SNe (typically within 50 pc). Jennings et al. (2014)
find that there is a lack of high-mass stars close to the SN rem-
nants in M31 and M33, suggesting either the highest mass
stars do not produce SNe, or that SNR surveys are biased
against finding objects in the very youngest (<10 Myr old)
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– very little information on companion stars

• e.g. SN 1993J

19
94

AJ
 

 1
07

. .
 66

2A
 

666 ALDERING ET AL. : SN 1993J 666 

mean by 0.14 mag; this is consistent with no change in 
color, but has the sign and approximate amplitude ex- 
pected of a variable late-type supergiant (Elias et al 1985). 
The Perelmuter observations are isolated from all others by 
over two years, so this proposed episode of variability need 
not be present in the other observations. In addition, we 
note that the change in Perelmuter’s V—Rcis far too small 
to affect the photometric calibration discussed in Sec. 2.3. 

3. MODELS FOR THE PROGENITOR SPECTRAL ENERGY 
DISTRIBUTION 

3.1 Extinction Toward SN1993J 

For comparison with models, the observed energy dis- 
tribution must be corrected for interstellar reddening. The 
extinction due to the Galaxy is small, amounting to 
Av=0.12 mag averaged over 0.3oX0.6° (Burstein & Heiles 
1984). Various estimates of the extinction in the direction 
of SN 1993J and for M8Ï in general show a wide range of 
values. For example far-UV imaging (Hill etal 1992) in- 
dicates an average ^4 r of 1.5 mag for the stars in giant H II 
regions. An earlier study of M81 H ii regions by Kaufman 
et al ( 1987) gave an average Avoï ~ 1 mag from H n and 
radio continuum observations, but with a spread of ±0.4 
mag. Humphreys et al ( 1986) found ^4 0.8-1.3 mag for 
several red supergiants distributed throughout the spiral 
arms of M81. 

Post-eruption observations specifically in the direction 
of SN 1993J have indicated a similarly wide range oí A v 
but with a lower mean value. ROSAT observations (Zim- 
merman et al 1993) indicate A7

H=3.4X 1020 cm-2, corre- 
sponding to Av=0.2 mag using A V/Ngas~A V/Nu, 
~8X 10-22 mag atom-1 cm-2 typical of inner portion of 
MSTs western arm (Kaufman et al 1989), while ASCA 
observations (Tanaka etal 1993) give jVh^ 1X1021 

cm-2, which corresponds to Av=0.6 mag. Sonneborn’s 
analysis of the 2200 Á feature in IUE spectra (Wamsteker 
etal 1993) implies E(2?—K)~0.1 mag, or^4r~0.3 mag 
(Sonnebom etal 1993). High dispersion spectra of SN 
1993J (Benetti etal 1993; Bowen etal 1993) show sev- 
eral systems of Na I absorption along the line of sight. 
Their measured column densities of Na I correspond to A v 
of 0.32-1.28 mag. Other astronomers have advocated a 
small value of ^4 ^ of 0.2-0.4 mag based on the early colors 
of SN 1993J (Filippenko 1993; but see Richmond et al 
1993). 

Thus we are left with a range of Ay estimates from 0.2 
up to 1.5 mag, with post-outburst estimates along the line 
of sight to the supernova ranging over 0.2 to 1.3 mag. In 
the models discussed below, a range in Ay of 0.0-1.5 mag 
was considered, with emphasis placed on models having A y 
of 0.5 and 1.0 mag. Due to the complex nature of the 
progenitor image and the relatively poor accuracy of the 
critical U photometry, our photometry cannot narrow the 
probable range of A v any further. We will see that the 
choice of Ay, within this range, does not greatly affect our 
conclusions. The extinction curve employed in our models 
is from Cardelli et al. 1989. 

4000 5000 6000 7000 8000 
Wavelength (Â) 

Fig. 2. The observed broadband spectral energy distribution of the SN 
1993J progenitor image. The data values and associated uncertainties are 
from Table 4, converted to , and offset in wavelength with respect to 
one another for the sake of clarity. Representative spectral energy distri- 
butions from the two-star and star+OB association models are shown. 
The solid line is a model spectrum for a KOI star with 17% contamination 
from a B0 star, and is the best-fit two-star model for v4K=0.5. The dash- 
dot line shows the contribution from the KOI star alone. The dotted line 
represents the best-fit two-star model for A v= 1.0. The dashed line rep- 
resents the best-fit star+OB association model when Ay=0.5. 

3.2 The Distance to M81 

To determine the physical parameters and possible na- 
ture of the progenitor, we need to know how far away it 
was. Fortunately there are several recent determinations of 
M81’s distance from Cepheids (Freedman & Madore 1988; 
Freedman et al 1993), red supergiants (Humphreys et al. 
1986) and planetary nebulae (Jacoby et al. 1989) yielding 
consistent distance moduli of (m—Af)0=27.6 to 27.8 mag. 
In this discussion we have adopted an unreddened distance 
modulus of 27.7 mag, corresponding to 3.5 Mpc. 

3.3 Single Star Models 

The spectral energy distribution of the progenitor is 
shown in Fig. 2; all of the magnitudes reported in Table 4 
are plotted. The V—Rc and V—Ic colors suggest the pres- 
ence of a late-type star. However, the colors correspond to 
an object which is progressively bluer at shorter wave- 
lengths. The spectral energy distribution in Fig. 2 cannot 
be fit by the spectrum of a single star unless the visual 
extinction is very large, (Av>2.8 mag), and then only a 
very highly reddened O or early B star can satisfy the 
photometry in all bands. Such a high reddening is hot 
supported in M81, moreover, the resulting single star 
would be overluminous for its spectral type. 

3.4 Two-Component Models 

Both the photographic and CCD images show that the 
image of the progenitor is extended. Given the distance of 
M81 and the limited resolution of the ground-based obser- 
vations, it would not be surprising if the progenitor image 
were a composite of two or more stars. As discussed ear- 
lier, we found it necessary to use isodensity data from a 
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emission lines. Main-sequence stars were immediately excluded
because their luminosities were too low to produce lines of sufficient
strength to match those in the SN1993J spectrum. The strengths of
the lines in the SN1993J spectrum, with respect to the continuum,
were weaker than those in the stellar spectra owing to the con-
tinuum of the supernova. The continuum of the supernova, in units
of the B supergiant flux at each H I line, was calculated by adding
excess continuum to the stellar spectra until the renormalized H I

line strengths matched those observed in the SN1993J spectrum. In
addition, the continua ratio was calculated for He I lines, in order to

identify those types which gave consistent matches with the values
calculated for the H I lines assuming a normal He abundance.
B-type supergiants of type B5 and later were eliminated by this
method. Early B-supergiants (B0–B4) provided the best consistent
fit to the H I and He I lines. The average ratio of the continua, for all
the H I lines, was calculated for each spectral type: for B0Ia it was 1,
for B1Ia 1.9, for B2Ia 1.9, for B3Ia 2.3 and for B4Ia 3 (where the
contribution due to the surrounding stars is already subtracted).
From the ACS U- and B-band fluxes of the supernova plus the
companion, and the relative fluxes of the companion required to

Table 1 Photometric magnitudes of SN1993J and nearby stars

Star Distance from
supernova (pc)

Near-ultraviolet
(F250W)

U B V

...................................................................................................................................................................................................................................................................................................................................................................

A 12.9 22.99 (0.05) 23.05 (0.08) 23.78 (0.02) 22.56 (0.01)
B 25.0 22.76 (0.05) 22.89 (0.06) 23.12 (0.01) 23.05 (0.01)
C 21.1 22.52 (0.05) 22.98 (0.08) 23.78 (0.01) 23.80 (0.01)
D 20.8 22.15 (0.06) 22.87 (0.07) 23.84 (0.01) 23.95 (0.01)
E 6.0 23.39 (0.07) 23.68 (0.08) 24.12 (0.01) 24.17 (0.01)
F 5.1 23.73 (0.12) 24.2 (0.18) 25.04 (0.01) 24.85 (0.01)
G 2.8 22.79 (0.19) 23.54 (0.08) 24.44 (0.02) 24.42 (0.01)
1993J 2 19.93 (0.04) 20.7 (0.05) 21.08 (0.01) 20.27 (0.01)
...................................................................................................................................................................................................................................................................................................................................................................

Star numbers are as identified on Fig. 1, using the nomenclature of ref. 8. The distances of the stars, in parsec, are calculated from the centre of the SN1993J point spread function. Magnitudes are F250W
Vegamag, in the ACSphotometric system24 andU, B and V Johnsonmagnitudes, transformed from the original ACSphotometric system. Bracketed numbers indicate the uncertainty, inmagnitudes, of the
preceding magnitude. The colours of the surrounding stars imply they are of early type, in the range O9–B3. Photometry of 24 other stars, within 106pc of SN1993J, were used to determine the reddening
by comparing observed colours (U–B) and (B–V) with intrinsic colours, yielding a colour excess E(B–V) ¼ 0.2 and hence a V-band extinction Av ¼ 0.62, assuming a standard galactic reddening law,
which is in good agreement with previously determined values10. An accurate distance to the galaxy of 3.63 ^ 0.14Mpc from Cepheid variables is available23.

Figure 2 Near-ultraviolet spectra of SN1993J. a, Flux-calibrated ground-based blue
spectrum of SN1993J. The spectrum was acquired with Keck I LRIS-B spectrometer

(1 March 2003, 9.93 yr post-explosion) using the 600/4,000 grism (with instrumental

resolution 2.4 Å and signal-to-noise ratio ranging from 15–30). Seeing during the 5.5-hr

total exposure time was between 0.7 and 1.2 arcseconds. The spectrum is dominated by

broad, box-like emission line profiles which are characteristic of interaction between the

supernova ejecta and the circumstellar medium9,10. However, the near-ultraviolet region

shows a series of narrow absorption features. b, Flux spectra of SN1993J (thin line) and a
B-supergiant (bold line) HD168489 (B1Ia, Teff < 23.3 £ 103 K and logL/L ( ¼ 5). The

stellar spectrumwas scaled to the distance of M81, with a reddening of E(B–V) ¼ 0.2 and

a radial velocity shift of 2120 km21. The series of sharp absorption features are

coincident with the H I Balmer series and the He I line at 3,819.7 Å. The absorption lines

are conspicuously narrower than the [O III] (wavelengths, l ¼ 4,959 and 5,007 Å) and

[S II] (l ¼ 4,068 and 4,072 Å) emission lines (3,200 km s21)—implying that the

absorption lines do not arise from the supernova ejecta itself. The flux contribution from

the contaminating stars A–G (18%) cannot reproduce the strength of the absorption lines

observed. c, Normalized spectra of SN1993J (thin line) and the B1Ia Galactic standard
star HD168489, which has been renormalized for an excess continuum ratio of 0.8, in

units of the combined continuum fluxes of the companion and surrounding stars. The

supernova continuum was normalized by estimating the position of the continuum and

applying a series of short spline fits. The H I Balmer and He I absorption lines are

best matched by early-B type supergiant spectra (B0–B4). The average ratios, in the

range 3,600–4,000 Å, and the total measured ACS flux in the F330W filter allowed a

calculation14 of the parameters of the unresolved hot star component:

logL/L ( ¼ 5 ^ 0.3, logTeff ¼ 4.3 ^ 0.1.
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– white dwarfs about 30 magnitudes fainter 
than supernova à direct detection unlikely

– look for companions (binaries!)

– possible detection for 
a SN Iax
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Figure 2. Absolute g-band magnitude vs. time since explosion in three
theoretical models for the early-time shock-heated evolution of Type Ia SNe.
Shown is 4 hr, 5σ non-detection discussed in Section 2.2 and the first two
detections from PTF (Nugent et al. 2011). The black line shows the L ∝ t2

radioactive-heating behavior seen in later-time PTF data, consistent with the
non-detection. For the Kasen (2010) companion interaction model, R denotes
the separation distance between the two stars, and the light curve is shown for an
observer aligned with the collision axis, which produces the brightest observed
luminosity.

(given the temperature) was consistent with the non-detection.
Figure 2 shows the results for a selection of different analytical
models, assuming E51/Mc = 1 (constant explosive yield per
unit mass), fp = 0.05, κ0.2 = 1, and a variety of values of
Rp. The PIRATE observation at 4 hr is the most constraining
data point, which limits Rp ! 0.02 R⊙. Table 1 summarizes
the detailed radius constraints under different assumptions of
progenitor mass and under the different models.

The expressions we have used for the early luminosity hold
only under the assumption that radiation energy dominates in
the post-shock ejecta. In fact, the diffusion wave will eventually
recede into higher density regions of ejecta where gas pressure
dominates. The luminosity is then expected to drop suddenly;
Rabinak et al. (2011) show that, for constant opacity, the time
of this drop is proportional to Rp, which effectively limits the
minimal progenitor radius that we are capable of probing. From
their expression for tdrop we find this minimal radius to be

Rp,min ≈ 0.013 t4hrE
−0.66
51 M0.56

c f 0.15
0.05 R⊙, (2)

where t4hr = t/4 hr. The value of Rmin is just smaller than
our limits on Rp determined in Table 1, suggesting that the
breakdown of radiation energy domination is not likely to
undermine our results.

The early photometry of SN 2011fe also tightly constrains the
nature of a possible companion star. The interaction of the SN
ejecta with a companion star produces emission which depends
linearly on the separation distance (Kasen 2010). This emission
will be anisotropic and vary by a factor of ∼10 depending on
the orientation. Assuming the companion star in Roche-lobe
overflow, such that its radius is !1/2 of the separation distance,
and that the observer’s viewing angle is unfavorable (such that
the light curve is fainter by a factor of 10 from its maximum)
our data restrict the companion star radius to Rc ! 0.1 R⊙.
Unless the time since explosion for the PIRATE data is vastly
underestimated (by " day), this apparently excludes Roche-lobe
overflowing red giant and main-sequence companions to high
significance.

Table 1
Primary Radius and Density Constraints

Mp Rp,max
a Avg. ρp Lshock,max Tshock,max

(M⊙) (R⊙) (g cm−3) (erg s−1) (K)

Shock breakout—Rabinak et al. (2011)b

0.5... 0.022 6.29 × 104 4.50 × 1039 6024
1.0... 0.020 1.77 × 105 4.48 × 1039 6043
1.4... 0.019 2.93 × 105 4.47 × 1039 6053
3.0... 0.017 9.16 × 105 4.46 × 1039 6075

Ejecta heating secondary—Kasen (2010)c

0.5... 0.038 1.26 × 104 3.94 × 1039 8048
1.0... 0.027 7.05 × 104 3.96 × 1039 7388
1.4... 0.023 1.58 × 105 4.00 × 1039 7103
3.0... 0.017 9.29 × 105 4.18 × 1039 6531

Shock breakout—Piro et al. (2010)d

0.5... 0.016 1.73 × 105 5.27 × 1039 12110
1.0... 0.019 2.07 × 105 5.26 × 1039 12091
1.4... 0.021 2.26 × 105 5.26 × 1039 12082
3.0... 0.025 2.75 × 105 5.25 × 1039 12062

Notes.
a 5σ limit assuming the 4 hr non-detection (see the text) and shock opacity κ =
0.2 cm2 g−1.
b Assumes fp = 0.05 and E51/Mc = 1. Extremum values of fp (0.03–0.13)
change Rp,max by no more than 20% from that given. Fixing E51 = 1 yields
an Rp,max about 50% smaller at M = 0.5 M⊙ and about two times larger at
M = 3.0 M⊙.
c The radius derived is the separation distance and the limit derived is
assuming the brightest possible viewing angle. The radius limit comes from
the requirement that primary size must be smaller than the semimajor axis of
the binary.
d Using their Equations (35) and (36) but corrected by a factor of 7−4/3 (L) and
7−1/3 (Teff ) to fix the improper scalings.

Temperature–radius. Non-detections of a quiescent counter-
part in Hubble Space Telescope (HST) imaging yield a specific
luminosity (Lν) constraint at certain optical frequencies. With
the assumption of a spectrum of the primary, these limits can be
turned into a limit on the bolometric luminosity (L). Li (2011)
considered mostly spectra of an unseen secondary, using model
input spectra of red giants to derive L constraints. For a high
effective temperature primary, here we consider a blackbody
as the input spectrum and solve for the bolometric luminosity
and effective radius using the Stefan–Boltzmann law (see also
Liu et al. 2011 for a similar analysis). We perform a similar
analysis with the Chandra X-ray non-detection, convolving dif-
ferent input blackbody spectra to find a radius limit. At 106 K,
for example, the limits (1σ , 2σ , and 3σ ) are 1.2 × 10−3 R⊙,
1.5 × 10−3 R⊙, and 1.8 × 10−3 R⊙.

In Figure 3, we show these primary-star constraints as a
function of effective temperature and average density. Primary
stars with average density less than ρp = 104 g cm−3 and
effective temperatures larger than 106 K (at ρp = 1012 g cm−3)
are excluded.

3. COMPARISONS TO PRIMARY CANDIDATES

Accepting 0.5 M⊙ as a conservative lower limit for the
primary mass, low-mass main-sequence stars, brown dwarfs,
and planets are not viable. In Figure 3, we show the main
sequence of stably H-burning stars with mass 0.5, 1, 1.4,
and 3 M⊙. The hydrogen main sequence, shown using solar-
metallicity isochrones from Marigo et al. (2008), is excluded as
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A luminous, blue progenitor system for the type Iax
supernova 2012Z
Curtis McCully1, Saurabh W. Jha1, Ryan J. Foley2,3, Lars Bildsten4,5, Wen-fai Fong6, Robert P. Kirshner6, G. H. Marion6,7,
Adam G. Riess8,9 & Maximilian D. Stritzinger10

Type Iax supernovae are stellar explosions that are spectroscopically
similar to some type Ia supernovae at the time of maximum light
emission, except with lower ejecta velocities1,2. They are also dis-
tinguished by lower luminosities. At late times, their spectroscopic
properties diverge from those of other supernovae3–6, but their com-
position (dominated by iron-group and intermediate-mass elements1,7)
suggests a physical connection to normal type Ia supernovae. Super-
novae of type Iax are not rare; they occur at a rate between 5 and 30
per cent of the normal type Ia rate1. The leading models for type Iax
supernovae are thermonuclear explosions of accreting carbon–oxygen
white dwarfs that do not completely unbind the star8–10, implying that
they are ‘less successful’ versions of normal type Ia supernovae, where
complete stellar disruption is observed. Here we report the detection
of the luminous, blue progenitor system of the type Iax SN 2012Z in
deep pre-explosion imaging. The progenitor system’s luminosity, col-
ours, environment and similarity to the progenitor of the Galactic
helium nova V445 Puppis11–13 suggest that SN 2012Z was the explo-
sion of a white dwarf accreting material from a helium-star compan-
ion. Observations over the next few years, after SN 2012Z has faded,
will either confirm this hypothesis or perhaps show that this super-
nova was actually the explosive death of a massive star14,15.

SN 2012Z was discovered16 in the Lick Observatory Supernova Search
on 2012 January 29.15 UT. It had an optical spectrum similar to the type
Iax (previously called SN 2002cx-like) SN 2005hk3–5 (see Extended Data
Fig. 1). The similarities between type Iax and normal type Ia supernovae
make understanding the progenitors of the former important, especially
because no progenitor of the latter has been identified. Like core-collapse
supernovae (but also slowly declining, luminous type Ia supernovae),
type Iax supernovae are found preferentially in young, star-forming
galaxies17,18. A single type Iax supernova, SN 2008ge, was in a relatively
old (S0) galaxy with no indication of current star formation to deep
limits19. Non-detection of the progenitor of SN 2008ge in Hubble Space
Telescope (HST) pre-explosion imaging restricts its initial mass to
= 12 M8(where M[ is the solar mass), and combined with the lack
of hydrogen or helium in the SN 2008ge spectrum, favours a white dwarf
progenitor19.

Deep observations of NGC 1309, the host galaxy of SN 2012Z, were
obtained with HST in 2005–06 and 2010, serendipitously including the
location of the supernova before its explosion. To pinpoint the position
of SN 2012Z with high precision, we obtained follow-up HST data in
2013. Colour-composite images made from these observations before
and after the supernova are shown in Fig. 1, and photometry of stellar

1Department of Physics and Astronomy, Rutgers, the State University of New Jersey, 136 Frelinghuysen Road, Piscataway, New Jersey 08854, USA. 2Astronomy Department, University of Illinois at Urbana-
Champaign, 1002 West Green Street, Urbana, Illinois 61801, USA. 3Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801, USA. 4Department of
Physics, University of California, Santa Barbara, California 93106, USA. 5Kavli Institute for Theoretical Physics, University of California, Santa Barbara, California 93106, USA. 6Harvard-Smithsonian Center
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Figure 1 | HST colour images before and after supernova 2012Z. a, Hubble
Heritage image of NGC 1309 (http://heritage.stsci.edu/2006/07); panels b and
c zoom in on the progenitor system S1 in the deep, pre-explosion data.

d, e, Shallower post-explosion images of SN 2012Z on the same scale as b and
c, respectively. The source data for these images are available as Supplementary
Information.
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Progenitors
Confusion!

Core collapses

• ‘wrong’ progenitors

– where are the massive explosions?

– how will 𝜂 Car look as supernova?

• binary star evolution 

– combination with development of the core?

Thermonuclears

• several progenitors?

• how can they be separated?

• companion of SN 2012Z?



Explosions
Asymmetries

– directly observed
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producing the hotspots, which brightened with time. This phase
ended ∼8000 days after the explosion and the hotspots are now
fading in our observations that extend to 9975 days.

The turn-on of the hot spots occurred between
5000–6000 days at the same time as the emission peaks moved
inward (Figure 3). These dense “protrusions” may have
recombined at early time due to their high density and only
became visible when hit by the shock. The flux from the
hotspots peaked earliest on the east side of the ring.

The high-resolution spectroscopy from the UVES observa-
tions allows us to separate the contribution to the light curve
from the unshocked ring (emitting narrow lines with FWHM
∼10 km s−1; Gröningsson et al. 2008b) and the shocked
hotspots (emitting lines with typical velocities ∼300 km s−1).
In the middle panel of Figure 2 we show the light curves of
three different lines from the shocked gas (Hα, [Fe XIV] λ5303,
and [O III] λ5007), which all show a similar evolution as the
HST light curves. In the lower panel we show the fluxes of the
strongest narrow lines from the unshocked gas (Hα, [N II]
λ6583, and [O III] λ5007). Up to ∼7000 days the unshocked
[O III] and Hα lines increase in flux, caused by pre-ionization by

the soft X-rays. After this epoch all three lines, however,
decline more steeply than the lines from the shocked gas.
From the UVES observations of Hα we also find that the

shocks are radiative up to at least ∼700 km s−1, and possibly up
to ∼1000 km s−1, depending on the angle of the shocks relative
to the line of sight (Gröningsson et al. 2008a; K. Migotto et al.
2015, in preparation). Using the cooling time from Gröningsson
et al. (2008a) this indicates a density of up to 6 10 cm4 3~ ´ - in
the clumps. This can be compared to the velocities derived from
the proper motions in Section 2, where the average was found to
be ∼540 km s−1. This directly reflects the propagation of the
shocks through the clumps and and concomitant acceleration of
the post-shock gas. Although the radial and proper motion
velocities are in perpendicular directions, the 43° inclination of
the ring results in a similar correction, assuming that the
expansion is radial from the explosion center. These two
methods therefore result in similar shock velocities.
The most interesting recent changes are shown in Figure 4,

with the emergence of new, faint spots, as well as diffuse
emission, outside the ring. These new spots are most clearly

Figure 1. Evolution of the ring collision from 1994 to 2014 (days 2270–9975) from a combination of HST B- and R-band images. The brightness of the ring has been
reduced by a factor of 20 by applying a mask to the images. This makes it possible to see the morphology of the ring at the same time as the faint ejecta and regions
outside. The new spots are better seen in the difference images in Figure 4. The flux scale is otherwise the same for all panels. The size of the field is 2″. 1 × 1″. 8. North
is up; east is left.
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Figure 11. 3D iso-surfaces for [Si I]+[Fe II] (top row) and H↵ (bottom row). Plots from left to right show the contours corresponding
to 30%, 50% and 70% of the maximal value of each line, as indicated by the color bar. The ring shows the location of the reverse shock
at the inner edge of the equatorial ring, while the dotted line and filled sphere indicate the line of sight and the position of the observer.
The tick marks on the axes correspond to 1000 km s�1. The boxes to the lower, right of each plot shows the resolution along the three
axes. The [Si I]+[Fe II] plots include all data out to 4500 km s�1 in all directions, with the central ±450 km s�1 along the line of sight
removed due to contamination from the ring. The data cube was binned by a factor of six in the spectral direction. The H↵ plots were
created from the ring-corrected spectra in Fig. 6, which cover [�2000,+2300] km s�1 in the x-direction and [�3300,+2800] km s�1 in the
y-direction. The main e↵ect of this cut is that some of the bright ejecta in the south is excluded (see lower, right panel of Fig. 9). Along
the line of sight, all data within ±4500 km s�1 is included. An animated version of this figure showing di↵erent viewing angles is available
in the online version of the journal.
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of the main-shell rings are comparable to the
diameters of the cavities, which suggests that
they are approximately equal in number (about

six). These properties, along with the fact that
the main-shell rings extend radially outward
along gently sloped paths that follow the circum-

ference of the cavities, support the notion that
the reverse-shocked rings and unshocked cav-
ities of ejecta share a common formation origin.

528 30 JANUARY 2015 • VOL 347 ISSUE 6221 sciencemag.org SCIENCE

parentheses

southredshifted
north

ring

ObsE

cavity

N

north
cavity

Fig. 3. Doppler reconstruction of Cas A made from the [S III] 906.9- and
953.1-nm emission map presented here and previous optical observations
of main-shell ejecta (12). The blue-to-red color gradient corresponds to
Doppler velocities that range from –4000 to 6000 km s−1. [S III] measurements
are individual spheres, and previous optical data are smoothed with a surface
reconstruction. (A) A side perspective of a portion of the remnant spanning all
material located between 15″ east of the center of expansion to 50″ west of the
center of expansion to emphasize the two conspicuous interior cavities and their

connections tomain-shell ejecta.The translucent sphere centered on the center
of expansion is a visual aid to differentiate between front and back material. (B)
Two angled perspectives highlighting the south cavity. The first perspective
angled 20° away from the observer’s line of sight shows all data, and the second
perspective angled 70° away from the observer’s line of sight shows the same
portion of the remnant as displayed in (A).The background image representing
the plane of the sky as seen fromEarth is the same shown in Fig. 2. An animation
of the entire reconstruction is provided in movie S1.
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Explosions

Asymmetries

– Elemental distributions

• Ti

originally measured for the 56Co lines (9, 10).
Although the limit on broadening itself is not
surprising, the measured redshift is both statis-
tically significant and large compared to the up-
per limit on Doppler broadening, indicative of
an asymmetric ejection of 44Ti in the initial ex-
plosion. The 56Co gamma-ray lines also showed
redshifts (∼500 km s−1), but the significance was
marginal. The 56Co detection also stands con-
trary to predictions of spherically symmetric
explosion models that would produce blue-
shifted gamma-ray lines due to increased absorp-
tion of the receding redshifted emission. The
redshifted 56Co lines suggest large-scale asym-
metry in the explosion.
There has been growing evidence for asym-

metries in supernovae explosions over the past
decades (25). In SN1987A itself, asymmetry was
initially supported by extensive evidence for
mixing and polarized optical emission as re-
viewed in (26, 27), and later by spatially resolved
images of the ejecta (27, 28). NuSTAR observa-
tions of the spatial distribution of 44Ti in the Cas
A supernova remnant shows direct evidence of
asymmetry (29). Our results here suggest an even
higher level of asymmetry for SN1987A. For com-
parison, NuSTAR measured a redshift for the in-
tegrated Cas A spectrum of (2100 T 900) km s−1

and a line broadening corresponding to a fastest
ejection velocity of ∼5000 km s−1. Given that ejec-
tionvelocity and theageof the remnant (340years),
the estimated “look-back” redshift velocity for
Cas A is ∼1400 km s−1, consistent with the mea-
sured redshift. From the spatially integrated 44Ti
spectrum alone, Cas A would not appear to have
a statistically significant asymmetry: The spatial
brightness distribution in Cas A revealed the
asymmetries.
In the 44Ti-powered phase, the dominant en-

ergy input to the ejecta comes through the sub-
sequent positron emission of 44Sc, when most
of the gamma rays escape the ejecta without
interacting. These positrons are produced deep
in the ejecta, and both simple estimates and de-
tailed models suggest that they are locally ab-
sorbed and instantaneously thermalized (20, 22).
The implication is that the UVOIR emission of
SN1987A during the 44Ti-powered phase should
be dominated by the ejecta spatially coinci-

dent with the 44Ti ejecta. In principle, UVOIR
spectral imaging in the 44Ti-powered phase
can yield direct evidence for asymmetries. Hub-
ble Space Telescope (HST) obtained resolved
spectral images of the SN1987A ejecta (28)
from June 2000 (4857 days after explosion), near
the end of the phase when the UVOIR emis-
sion was truly dominated by 44Ti decay (21).
They reveal a bipolar structure elongated along
the north-south direction. There is a clear gra-
dient in velocity across ejecta, with the north-
ern component showing a redshift of about
500 km s−1 in the [Ca II] l7300 emission line,
whereas the southern component showed a
larger redshift of about 1700 km s−1. The ejecta
exhibit an overall redshift of ~1000 km s−1. At
the time, this asymmetry and overall redshift
were noted but not emphasized, as they could
be the result of blending of the [Ca II] l7300
line with a [O II] l7320 line. This shifted vel-
ocity distribution is consistent with our mea-
sured redshift of the 44Ti lines. On the basis of
our 44Ti line profile, we might naïvely imagine
the picture of a bright, redshifted clump or jet
of 44Ti, with the UVOIR emission tracing the
spatial and velocity distribution of this clump.
However, the spatial distribution of the ejecta
in this HST observation does not immediately
reveal such a large spatial asymmetry.
A single-lobe (i.e., very asymmetric) explosion

model for SN1987A (30) could explain the ob-
served evidence that 56Ni was mixed to speeds
exceeding 3000 km s−1 and redshifted, as evi-
denced by both the gamma-ray emission and the
infrared forbidden line profiles of [Fe II] (mainly
produced through 56Ni decay) around 400 days
after the explosion (31, 32). In this model, the
single lobe is oriented at an angle pointing away
from us, producing the redshifted lines (30). The
NuSTARobservations appear consistentwith these
single-lobe models. One consequence of such a
highly asymmetric explosion is that the compact
object produced by SN1987A would, presumably,
receive a kick velocity opposite the direction of
the ejecta (33).
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Fig. 1. SN1987A 55- to 80-keV
background-subtracted spectrum
measured with NuSTAR. Data from
both telescopes are combined (for
presentation only) and shown with
1s error bars. Both of the 44Ti lines are
clearly measured. The vertical green
lines are the rest-frame energies of the
44Ti lines (67.87 and 78.32 keV). The
redshift is evident in both lines, indi-
cating the asymmetry of the explosion.
Also shown is the best-fit model, con-
volved through the NuSTAR instrument
response, for case (1), where the fitting
parameters for the two lines are tied
together (supplementary materials).
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The measured 44Ti line widths and distribution can directly con-
strain mixing in the supernova engine. As evidenced by SN 1987A,
mixing due to Rayleigh–Taylor instabilities occurring between the
explosion’s forward and reverse shocks (distinct from the remnant’s
forward and reverse shocks) may be important in some types of super-
nova explosion24. Because 44Ti is a good spatial tracer of 56Ni in all
established supernova models, we can compare the measured velocity
width to that predicted for 56Ni by simulations. We find that the
,5,000 km s21 maximum velocity and the level of Doppler line broad-
ening compares well with type IIb models including mixing25 and
excludes models without the growth of large instabilities.

The evidence for asymmetries in the supernova explosion mech-
anism has grown steadily over the past several decades. Asymmetries
are implied by a number of observations26: the extensive mixing implied
in nearby supernovae (for example SN 1987A), the high space velocities
of neutron stars and the polarization of supernova emission. Although
different external processes could separately explain each of these obser-
vations, it is generally assumed that the asymmetries arise in the explo-
sion mechanism. A number of mechanisms have been proposed within
the framework where the supernova engine is convectively enhanced27:
asymmetric collapse, asymmetries caused by rotation and asymmetries
caused by low-mode convection. Of these, rotation and low-mode con-
vection have received the most attention. Rotation tends to produce
bipolar explosions along the rotation axis where the ejecta velocities are
two to four times greater along this axis28 than in the rest of the ejecta.
Low-mode convection, including the standing accretion shock instabi-
lity, will produce a bipolar explosion in fast-rotating stars, but is likely
to produce higher-order modes in slowly rotating systems29.

To improve our understanding of the nature of the observed 44Ti
non-uniformity, we compare the observations with three-dimensional
models of normal core-collapse supernovae using a progenitor designed
to produce the high 44Ti/56Ni ratio needed to match the estimated yields

in the Cas A remnant. We simulate two explosions that represent the
extremes of explosion asymmetry: a spherically symmetric explosion,
and an explosion representing a fast-rotating progenitor with arti-
ficially induced bipolar asymmetry where the explosion velocity in a
30uhalf-angle cone near the rotation axis is increased by a factor of four
relative to the rest of the ejecta. The simulated 44Ti maps (Extended
Data Fig. 3) indicate that the level of observed non-uniformity in Cas A
is far greater than what can be produced by the spherically symmetric
explosion, and that the bipolar explosion (where the bulk of the fast
44Ti remains within 30u of the rotation axis) cannot reproduce the
observed off-axis 44Ti knots. This argues against fast-rotating progeni-
tors as well as jet-like explosions, which are even more collimated than
the bipolar explosions. The supernova is better described by an inter-
mediate case, where the observed non-uniformity in the 44Ti is the
result of a multimodal explosion such as those predicted in both
low-mode Rayleigh–Taylor models29 and models including the stand-
ing accretion shock instability30. The Cas A remnant provides the first
strong evidence that this low-mode convection must occur.

METHODS SUMMARY
A full description of the methods, including data analysis, background modelling,
error estimates, and supernovae simulations can be found in Methods.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 3 | A comparison of the spatial distribution of 44Ti with known Fe
K-shell emission in Cas A. We reproduce the spatial distributions shown in
Fig. 2 and add the 4–6-keV continuum emission (white) and the spatial
distribution of X-ray-bright Fe (red) seen by Chandra (Fe distribution courtesy
of U. Hwang). We find that the 44Ti does not follow the distribution of Fe
K-shell X-ray emission, suggesting either that a significant amount of Fe
remains unshocked and therefore does not radiate in the X-ray, or that the
Fe/Ti ratio in the ejecta deviates from the expectation of standard
nucleosynthesis models.
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Explosions

No asymmetries for thermonuclears

Tycho (Chandra)



Explosions

Separate physics from ‘weather’
(core evolution from stellar atmosphere)

– classification system not really helpful

• sub-classes not necessarily distinct physics

– separate relevant topics
• explosion mechanisms

– compact remnants

• influence of binaries

– remaining H and He envelope à Ib/c

• circumstellar interaction

– depends on individual stellar evolution à IIn



Explosions

Thermonuclears

– variations on a theme

– critical parameters?
• nickel mass

• ejecta mass

• explosion energy(?)

• explosion mechanism?

• progenitor evolution?

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.

The Extremes of Thermonuclear Supernovae 3

Fig. 1 Phase space of potentially thermonuclear transients. The absolute B-band magnitude at peak
is plotted against the light-curve decline rate, expressed by the decline within 15 d from peak in
the B band, Dm15(B) (Phillips, 1993). The different classes of objects discussed in this chapter
are highlighted by different colours. Most of them are well separated from normal SNe Ia in this
space, which shows that they are already peculiar based on light-curve properties alone. The only
exception are 91T-like SNe, which overlap with the slow end of the distribution of normal SNe Ia,
and whose peculiarities are almost exclusively of spectroscopic nature. References to individual
SNe are provided in the respective sections.
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Explosions

Thermonuclears

– Second peak in the near-IR is the result of the 
recombination of Fe++ to Fe+ (Kasen 2006)

– Uniform ejecta structure

• late declines very similar

– higher luminosity indicates higher 56Ni mass

– later secondary peak also indicates higher 
Fe/Ni mass

– Ni mass and (optical) light curve parameters 
correlate (Scalzo et al. 2014)



Luminosity function of SNe Ia
• Use the phase of the 

second maximum to 
derive the bolometric 
peak luminosity

– calibrated on a sample of 
reddening-free SNe Ia

– apply to reddened 
objects

S. Dhawan et al.: Nickel mass in SNe Ia

Fig. 1. Bolometric maximum luminosity Lmax is plotted against the
phase of the second maximum t2 in Y JH filter light curves. A strong
correlation is observed in Y and J, whereas a weaker correlation is seen
in the H band. Best fit lines are overplotted in black. The fit includes
errors on both axes.

Table 2. Values of the coe�cients for correlations between Lmax and t2
in the individual filters.

Filter ai bi

Y 0.041 ± 0.005 �0.065 ± 0.122
J 0.039 ± 0.004 0.013 ± 0.106
H 0.032 ± 0.008 0.282 ± 0.174

In the interest of a clean low extinction sample, we have re-
moved seven objects with E(B�V)host < 0.1 but total E(B�V) �
0.1. Interestingly, several of the excluded objects are amongst
the most luminous SNe Ia in the sample. Even after the removal
of these seven objects, we do not derive a significant correlation
for the H band light curves from our sample. It will have to be
seen, whether future data will reveal a correlation or whether the
H light curves are not as sensitive to the nickel mass as the other
NIR filters. The relations are identical for the full and restricted
sample within the uncertainties listed in Table 2. We combine the
relations from the two bands for extrapolating the values of Lmax
in the following analysis. We assume that the Y band estimate
is equivalent to the value in the J band and calculate the slope
and intercept with the photometry of both filters, which leads to
improved statistics.

3.2. Deriving M

56

Ni

from L

max

We present three di↵erent methods to derive M56Ni from Lmax:
using Arnett’s rule with an individual rise time for each SN Ia,
using Arnett’s rule with an assumed constant rise time applied to
all SNe Ia, and calculating Lmax from delayed detonation models
with di↵erent M56Ni yields (Blondin et al. 2013). Arnett’s rule
states that at maximum light the bolometric luminosity equals
the instantaneous rate of energy input from the radioactive de-
cays. Any deviations from this assumption are encapsulated in a
parameter ↵ below. It is quite possible that ↵ depends on the
explosion mechanism and shows some variation between ex-
plosions (Branch 1992; Khokhlov et al. 1993). These early pa-
pers found rather wide ranges with 0.75 < ↵ < 1.4 depend-
ing on the exact explosion model and the amount of assumed
mixing (Branch 1992; Khokhlov et al. 1993). More recently
Blondin et al. (2013) found a range of ↵ within 10% of 1 for
delayed detonation models. These models are not applicable for
low-luminosity SNe Ia. If ↵ systematically depends on explosion
characteristics, then the derived nickel masses may su↵er from
a systematic drift not captured in our treatment. These uncer-
tainties must be taken into account for interpreting the derived
56Ni mass.

3.2.1. Arnett’s rule with individual rise times

Arnett’s rule states that the luminosity of the SN at peak is given
by the instantaneous rate of energy deposition from radioactive
decays inside the expanding ejecta (Arnett 1982; Arnett et al.
1985). This is summarized as (Stritzinger et al. 2006a):

Lmax(tR) = ↵E56Ni(tR), (2)

where E56Ni is the rate of energy input from 56Ni and 56Co decays
at maximum, tR is the rise time to bolometric maximum, and ↵
accounts for deviations from Arnett’s Rule. The energy output
from 1 M� of 56Ni is (↵ = 1):

✏Ni(tR, 1 M�) = (6.45⇥1043e�tR/8.8+1.45⇥1043e�tR/111.3) erg s�1.

(3)

We use the relation for estimates with di↵erent rise times in the
B filter for each SN following,

tR,B = 17.5 � 5 · (�m15 � 1.1) (4)

from Scalzo et al. (2014), which covers the tR,B–�m15 parameter
space of Ganeshalingam et al. (2011). Like Scalzo et al. (2014),
we apply a conservative uncertainty estimate of ±2 days. The
bolometric maximum occurs on average one day before Bmax
(Scalzo et al. 2014).

3.2.2. Arnett’s rule with a fixed rise time

Originally, M56Ni was determined from Lmax for a fixed rise time
of 19 days for all SNe Ia (Stritzinger et al. 2006a). Similar to
these analyses we propagate an uncertainty of ±3 days to ac-
count for the diversity in the rise times. The peak luminosity
then becomes (Stritzinger et al. 2006a)

Lmax = (2.0 ± 0.3) ⇥ 1043(M56Ni/M�) erg s�1. (5)

As described above, we assumed ↵ = 1 (see Stritzinger et al.
2006a; Mazzali et al. 2007), which is the analytical approxima-
tion of Arnett (1982). For the DDC models of Blondin et al.
(2013), ↵ is within 10% of 1 for all but the least luminous model.
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Table 4. Comparison of di↵erent methods of estimating M56Ni for SN 2014J.

MNi (inferred) � Method Reference
0.62 0.13 � ray lines Churazov et al. (2014)
0.56 0.10 � ray lines Diehl et al. (2015)
0.37 . . . Bolometric light curve AV = 1.7 mag Churazov et al. (2014), Margutti et al. (2014)
0.77 . . . Bolometric light curve AV = 2.5 mag Churazov et al. (2014), Goobar et al. (2014)
0.64 0.13 NIR second maximum this work (combined fit)
0.60 0.10 NIR second maximum + measured rise this work

Notes. All measurements assume a distance modulus of 27.64 ± 0.10.

Table 5. M56Ni estimates for objects with high values of E(B � V)host.

S N t2 M56Ni (inferred) M56Ni (lit. val.) Percent di↵erence Referencea

(d) (M� ) (M� )
SN 1986G 16.4 ± 1.4 0.33 ± 0.08 0.38 ± 0.03 15.15 RL92
SN 1998bu 29.9 ± 0.4 0.58 ± 0.12 0.57 1.7 S06b
SN 1999ac 27.0 ± 2.0 0.53 ± 0.12 0.67 ± 0.29 26.4 S06a
SN 2001el 31.2 ± 0.7 0.62 ± 0.12 0.40 ± 0.38 33.8 S06a
SN 2002bo 28.9 ± 0.7 0.56 ± 0.12 0.52 7.1 St05
SN 2003cg 30.2 ± 1.5 0.59 ± 0.13 0.53 10.1 ER06
SN 2003hv 22.3 ± 0.1 0.43 ± 0.11 0.40 ± 0.11 6.9 L09
SN 2006X 28.2 ± 0.5 0.57 ± 0.11 0.50 ± 0.05 12.2 W08
SN 2007if 32.3 ± 0.8 0.65 ± 0.16 1.6 ± 0.1 158.3 S10

Notes. Comparison with independent estimates from the literature are given where available. (a) The references for the M56Ni measurements are
RL92: Ruiz-Lapuente & Lucy (1992); S06a: Stritzinger et al. (2006a); S06b: Stritzinger et al. (2006b); St05: Stehle et al. (2005); ER06: Elias-Rosa
et al. (2006); L09: Leloudas et al. (2009); W08: Wang et al. (2008); S10: Scalzo et al. (2010).

to �17. This is also reflected in our luminosity function (Fig. 3),
where we observe a clear peak at Lmax = 1.3 ⇥ 1043 erg s�1 with
some more luminous objects and a tail to fainter objects. The
range is also comparable to the one found by Li et al. (2011).

In the next step we derive the distribution of M56Ni for all
SNe Ia with su�cient infrared light curve data using Eq. (6) and
a fixed rise time and ↵ = 1. Table 6 and Fig. 3 present the SN Ia
nickel mass function.

6. Discussion and conclusion

Using the relation derived from the low-reddening sample, we
extrapolate an Lmax value for 58 SNe Ia objects having a mea-
sured t2. The estimate of t2, along with this relation, provides
a method of deducing the bolometric peak luminosity, indepen-
dent of a reddening estimate and of a distance measurement (rel-
ative to the calibration of our low-absorption sample) and with-
out requiring multi-band photometry. We thus have established
a reddening-free luminosity function of SNe Ia at peak (Fig. 3).

We established an intrinsic luminosity function and 56Ni
mass distribution for all SNe Ia with a t2 measurement (Table 6).
The distribution of Lmax has a standard deviation of 0.2 ⇥
1043 erg s�1, and M56Ni has a standard deviation of 0.11 M�.
Scalzo et al. (2014) find a similar distribution of M56Ni with a �
of 0.16 M�. We tested our method on SN 2014J, a heavily red-
dened SN Ia in the nearby galaxy M 82, and find good agreement
between the estimates from the �-ray observations (Churazov
et al. 2014; Diehl et al. 2015, see Table 4). Faint, 91bg-like
SNe Ia, which show typically lower luminosities (Filippenko
et al. 1992; Leibundgut et al. 1993), do not display a sec-
ond maximum in their NIR light curves and are not in our
sample. Therefore, the true dispersion in peak luminosity and
M56Ni for SN Ia will likely be larger than what is derived here.

Stritzinger et al. (2006a) find a dispersion of a factor of ⇠10,
since their sample included peculiar SNe Ia, such as SN 1991bg
and SN 1991T.

Our reddening-free estimate of the M56Ni can be compared
to independent 56Ni mass estimates, such as from the late-time
(�200 d) pseudo-bolometric light curve. It should also be pos-
sible to determine the amount of radiation emitted outside the
UVOIR region of the spectrum at late phases and a bolometric
correction (e.g. Leloudas et al. 2009). There are very few ob-
jects for which both NIR data to measure t2 and nebular phase
pseudo-bolometric observations are present, making a quantita-
tive comparison for a sample of objects extremely di�cult. Thus,
we strongly encourage more late-time observations of SN Ia.

The observed Lmax and M56Ni distributions directly connect
to the physical origin of the diversity amongst SNe Ia. A pos-
sible explanation is the di↵erence in the explosion mechanism.
Pure detonations of Mch WDs (Arnett 1969) were seen to be un-
feasible since they burn the entire star to iron group elements
and do not produce the intermediate mass elements (IMEs) ob-
served in SN Ia spectra. Pure deflagrations (e.g. Travaglio et al.
2004) can reproduce observed properties of SNe with M56Ni 
0.4 M�. Deflagration models however, cannot account for SNe
with higher M56Ni and hence, cannot explain the entire distribu-
tion in Fig. 3.

Delayed-detonation models (e.g. Khokhlov 1991; Woosley
1990) are more successful at producing higher M56Ni. In this ex-
plosion model, a subsonic deflagration expands the white dwarf
to create low densities for IMEs to be produced in a supersonic
detonation phase that is triggered at a deflagration-to-detonation
transition density (⇢tr).

Recent 1D studies by Blondin et al. (2013) compare a suite
of Chandrasekhar mass (MCh) delayed detonation models with
observations for SNe with a range of peak luminosities. They
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Table 1. SN sample used in this analysis

SN tB(max) �m15 sBV t2(Y)1 t2(J) µ Ref 2

(MJD; d) (mag) (d) (d) (mag)
SN1999by⇤3 51308.3 1.93 0.46 N/A N/A 30.82 (± 0.15) H02,G04
SN2003gs 52848.3 1.83 0.49 · · · 15.3 (± 0.7) 31.65 (± 0.28) K09
SN2005bl⇤ 53481.6 1.80 0.39 N/A N/A 35.14 (± 0.09) WV08, F14
SN2005ke⇤ 53698.6 1.78 0.41 N/A · · · 31.84 (± 0.08) WV08, C10, F14
SN2006gt⇤ 54003.1 1.66 0.56 · · · 20.2 (± 1.2) 36.43 (± 0.05) C10
SN2006mr⇤ 54050.2 1.84 0.26 N/A N/A 31.15 (± 0.23) C10
SN2007N⇤ 54124.3 1.79 0.29 N/A N/A 33.91 (± 0.16) S11
SN2007ax⇤ 54187.5 1.86 0.36 N/A N/A 32.20 (± 0.14) S11
SN2007ba⇤ 54196.2 1.88 0.54 20.0 (± 0.4) · · · 36.18 (± 0.05) S11
SN2007on 54421.1 1.90 0.57 18.7 (± 0.4) 18.2 (± 0.1) 31.45 (± 0.08) S11
SN2008R⇤ 54494.3 1.85 0.59 15.5 (± 0.7) 14.1 (± 0.7) 33.73 (± 0.16) S11
SN2008hs 54812.1 1.83 0.60 · · · 14.0 (± 1.0) 34.28 (± 0.13) F14
SN2009F⇤ 54841.8 1.97 0.33 N/A N/A 33.73 (± 0.16) S11
SN2010Y 55247.5 1.73 0.61 · · · · · · 33.44 (± 0.20) F14
iPTF13ebh 56622.9 1.79 0.63 19.4 (± 0.2) 17.2 (± 1.5) 33.63 (± 0.16) H15

Figure 1. Lmax versus sBV for normal SN Ia (red) and objects in our sample (black). The best fit linear relations for the faint
sub-group of the fast-declining SN Ia and the rest are plotted as blue solid lines. Inset : The u ! H (pseudo-) bolometric light
curve for SN 2006mr (green), the faintest SN in the sample is plotted in comparison with the normal, broad-lined SN 2002bo
(red Benetti et al., 2004). From the bolometric light curves it is clear that SN 2006mr has a shorter transparency timescale than
SN 2002bo which was well described by a MCh delayed detonation model by Blondin, Dessart, & Hillier (2015).

The ‘fiducial’ timescale (t0) defined by Je↵ery (1999)
as a parameter that governs the time-varying �-ray optical
depth behaviour of a supernova is the only ‘observable’.

We determine t0 by fitting the radioactive decay energy
deposition to the late time (+40 - 90 d) bolometric light
curve. As the UVOIR light curve is not truly bolometric

there is an implicit assumption that the thermal infrared
and the ultraviolet beyond the atmospheric cut o↵ are not
not significant contributors. This assumption is supported
by modelling that shows that the infrared catastrophe does
not occur at these early days while at the same time the
line blanketing opacity in the UV remains high (Blondin,

3

Dhawan et al., in prep



Summary
• Core Collapses
– no more spherical cows
– missing important explosions
– asymmetries point to explosion mechanism(s)
– sub-classes of limited usefulness

• Thermonuclears
– order in chaos? à how?

• unclear what sub-classes tell us
• diversity through progenitor evolution?
• explosion mechanisms?

– compact progenitors
– nickel masses, ejecta masses


