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Progenitors
Core collapses
– missing high-mass
progenitors
– distinction between
C/O cores and ONeMg
cores
– where is the exact lower
mass limit?
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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
amag, in the ACS photometric system24 and U, B and V Johnson magnitudes, transformed from the original ACS photometric system. Bracketed numbers indicate the uncertainty, in magnitudes, of the
eding magnitude. The colours of the surrounding stars imply they are of early type, in the range O9–B3. Photometry of 24 other stars, within 106 pc of SN1993J, were used to determine the reddening
omparing 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 A v ¼ 0.62, assuming a standard galactic reddening law,
h is in good agreement with previously determined values10. An accurate distance to the galaxy of 3.63 ^ 0.14 Mpc from Cepheid variables is available23.

– Binary evolution à ‘free for all’

ission lines. Main-sequence stars were immediately excluded
ause their luminosities were too low to produce lines of sufficient
ength to match those in the SN1993J spectrum. The strengths of
lines in the SN1993J spectrum, with respect to the continuum,
re weaker than those in the stellar spectra owing to the conuum of the supernova. The continuum of the supernova, in units
the B supergiant flux at each H I line, was calculated by adding
ess continuum to the stellar spectra until the renormalized H I
e strengths matched those observed in the SN1993J spectrum. In
dition, 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

• any meaningful constraints?

– very little information on companion stars
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• e.g. SN 1993J
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mean by 0.14 mag; this is consistent with no change in
Maund
et al.approximate
2004
color, but has the
sign and
amplitude expected 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.

Aldering et al. 1994
3. MODELS FOR THE PROGENITOR SPECTRAL ENERGY
DISTRIBUTION
3.1 Extinction Toward SN1993J
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A luminous, blue progenitor system for the type Iax
supernova 2012Z

Thermonuclear

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

– white dwarfs about 30 magnitudes fainter
than supernova à direct detection unlikely
– look for companions (binaries!)
– possible detection for
a SN Iax

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 distinguished by lower luminosities. At late times, their spectroscopic
properties diverge from those of other supernovae3–6, but their composition (dominated by iron-group and intermediate-mass elements1,7)
suggests a physical connection to normal type Ia supernovae. Supernovae 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, colours, environment and similarity to the progenitor of the Galactic
helium nova V445 Puppis11–13 suggest that SN 2012Z was the explosion of a white dwarf accreting material from a helium-star companion. Observations over the next few years, after SN 2012Z has faded,
will either confirm this hypothesis or perhaps show that this supernova was actually the explosive death of a massive star14,15.
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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.

McCully et al. 2015

1

e

0.5″ =
80 pc

SN 2012Z

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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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

Bloom et al. 2012
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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 M 8 (where M[ is the solar mass), and combined with the lack The
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
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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
The Astrophysical Journal Letters, 806:L19 (6pp), 2015 June 10
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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

Larsson et al. 2016
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Figure 11. 3D iso-surfaces for [Si I]+[Fe II] (top row) and H↵
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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

[S III]
9069 and 9531 Å

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

Asymmetries
– in remnants
(Cas A)

ference of the cavities, support the notion that
the reverse-shocked rings and unshocked cavities of ejecta share a common formation origin.
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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 to main-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 from Earth is the same shown in Fig. 2. An animation
of the entire reconstruction is provided in movie S1.

Explosions
– Elemental distributions

Cts sec-1 keV -1

Fig. 1. SN1987A 55- to 80-keV
background-subtracted spectrum
Rest Frame
SN 1987A
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
LETTER RESEARCH
44
Ti lines (67.87 and 78.32 keV). The
redshift is evident in both lines, indiin the Cas A remnant. We simulate two explosions that represent the
cating the asymmetry of the explosion.extremes of explosion asymmetry: a spherically symmetric explosion,
Also shown is the best-fit model, con- and an explosion representing a fast-rotating progenitor with artivolved through the NuSTAR instrumentficially induced bipolar asymmetry where the explosion velocity in a
30u half-angle cone near the rotation axis is increased by a factor of four
response, for case (1), where the fittingrelative to the rest of the ejecta. The simulated 44Ti maps (Extended
Energy (keV)
parameters for the two lines are tied Data Fig. 3) indicate that the level of observed non-uniformity in Cas A
far greater than what can be produced by the spherically symmetric
together (supplementary materials). is
explosion, and that the bipolar explosion (where the bulk of the fast

Asymmetries
• Ti

Boggs et al. 2015
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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

The Extremes of Thermonuclear Supernovae
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Explosions
Thermonuclears

The Extremes of Thermonuclear Supernovae
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– variations on a theme
– critical parameters?
•
•
•
•
•

nickel mass
ejecta mass
explosion energy(?)
explosion mechanism?
progenitor evolution?

Li et al. 2010

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, D m15 (B) (Phillips, 1993). The different classes of objects discussed in this chapter

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

S. Dhawan et al.: Nickel mas
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Table 4. Comparison of di↵erent methods of estimating M56 Ni for SN 2014J.
MNi (inferred)
0.62
0.56
0.37
0.77
0.64
0.60

0.13
0.10
...
...
0.13
0.10

Method
ray lines
ray lines
Bolometric light curve AV = 1.7 mag
Bolometric light curve AV = 2.5 mag
NIR second maximum
NIR second maximum + measured rise

Reference
Churazov et al. (2014)
Diehl et al. (2015)
Churazov et al. (2014), Margutti et al. (2014)
Churazov et al. (2014), Goobar et al. (2014)
this work (combined fit)
this work

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

• SN 2014J test passed
V) .
• Potential
SN
t to determine
M
(inferred) M
(lit. val.)
(d)
(M )
(M )
1986G
16.4 ± 1.4
0.33function
± 0.08
0.38 ± 0.03
theSN
luminosity
SN 1998bu 29.9 ± 0.4
0.58 ± 0.12
0.57
SN 1999ac 27.0 ± 2.0
0.53 ± 0.12
0.67 ± 0.29
and
Ni
distribution
SN 2001el
31.2 ± 0.7
0.62 ± 0.12
0.40 ± 0.38

Table 5. M56 Ni estimates for objects with high values of E(B
2

SN 2002bo
SN 2003cg
SN 2003hv
SN 2006X
SN 2007if

28.9 ± 0.7
30.2 ± 1.5
22.3 ± 0.1
28.2 ± 0.5
32.3 ± 0.8

56 Ni

0.56 ± 0.12
0.59 ± 0.13
0.43 ± 0.11
0.57 ± 0.11
0.65 ± 0.16

host

56 Ni

0.52
0.53
0.40 ± 0.11
0.50 ± 0.05
1.6 ± 0.1

Percent di↵erence

Referencea

15.15
1.7
26.4
33.8
7.1
10.1
6.9
12.2
158.3

RL92
S06b
S06a
S06a
St05
ER06
L09
W08
S10

Notes. Comparison with independent estimates from the literature are given where available. (a) The references for the M56 Ni measurements are
Dhawan
al. 2016
RL92: Ruiz-Lapuente & Lucy (1992); S06a: Stritzinger et al. (2006a);
S06b:et
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).

SN
SN1999by⇤3
SN2003gs
SN2005bl⇤
SN2005ke⇤
SN2006gt⇤
SN2006mr⇤
SN2007N⇤
SN2007ax⇤
SN2007ba⇤
SN2007on
SN2008R⇤
SN2008hs
SN2009F⇤
SN2010Y
iPTF13ebh

tB (max)
(MJD; d)
51308.3
52848.3
53481.6
53698.6
54003.1
54050.2
54124.3
54187.5
54196.2
54421.1
54494.3
54812.1
54841.8
55247.5
56622.9

m15
(mag)
1.93
1.83
1.80
1.78
1.66
1.84
1.79
1.86
1.88
1.90
1.85
1.83
1.97
1.73
1.79

sBV
0.46
0.49
0.39
0.41
0.56
0.26
0.29
0.36
0.54
0.57
0.59
0.60
0.33
0.61
0.63

t2 (Y)1
(d)
N/A
···
N/A
N/A
···
N/A
N/A
N/A
20.0 (± 0.4)
18.7 (± 0.4)
15.5 (± 0.7)
···
N/A
···
19.4 (± 0.2)

Fast-declining SNe Ia
• Two groups?

t2 (J)
(d)
N/A
15.3 (± 0.7)
N/A
···
20.2 (± 1.2)
N/A
N/A
N/A
···
18.2 (± 0.1)
14.1 (± 0.7)
14.0 (± 1.0)
N/A
···
17.2 (± 1.5)

µ
(mag)
30.82 (± 0.15)
31.65 (± 0.28)
35.14 (± 0.09)
31.84 (± 0.08)
36.43 (± 0.05)
31.15 (± 0.23)
33.91 (± 0.16)
32.20 (± 0.14)
36.18 (± 0.05)
31.45 (± 0.08)
33.73 (± 0.16)
34.28 (± 0.13)
33.73 (± 0.16)
33.44 (± 0.20)
33.63 (± 0.16)

Ref

2

H02,G04
K09
WV08, F14
WV08, C10, F14
C10
C10
S11
S11
S11
S11
S11
F14
S11
F14
H15

Dhawan et al., in prep

– separation in
• bolometric luminosity
• phase of NIR first peak
• luminosity of NIR first
peak
• lack of second second
NIR maximum

Figure 1. Lmax versus sBV for normal SN Ia (red) and objects in our sample (black). The best fit linear relations for the
sub-group of the fast-declining SN Ia and the rest are plotted as blue solid lines. Inset: The u ! H (pseudo-) bolometric
curve for SN 2006mr (green), the faintest SN in the sample is plotted in comparison with the normal, broad-lined SN 200
(red Benetti et al., 2004). From the bolometric light curves it is clear that SN 2006mr has a shorter transparency timescale
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 infra
and the ultraviolet beyond the atmospheric cut o↵ are
not significant contributors. This assumption is suppo
by modelling that shows that the infrared catastrophe d
not occur at these early days while at the same time
line blanketing opacity in the UV remains high (Blon

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

