
J. Hester & A. Loll/NASA/ESA

CORE-COLLAPSE
SUPERNOVAE

Ryan Chornock 
(Ohio University)



WHY CC SUPERNOVAE ARE 
IMPORTANT

Final deaths of massive (M > 8 M⦿) stars

Formation of compact objects (i.e., NS/BH)

Galactic nucleosynthesis— they expel newly-formed elements back 
into the ISM

The kinetic energy of SNe is a major input of energy and driver of 
turbulence in the interstellar medium

Tracers and probes of the sites of massive star formation



Three basic flavors of CC SNe:

Thick H envelope

Stripped envelope

Dominated by CSM 
interaction (not illustrated)

Modjaz et al. 2014

CORE-COLLAPSE SUPERNOVA TYPES



MASSIVE STARS IN H-R DIAGRAM

If single stars dominate, most massive stars will explode as RSGs 
due to steepness of IMF

Smartt 2009
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Figure 21. Relative fractions of core-collapse SN types within a volume-limited sample using the original classifications from L11
(left) compared to the updated classifications presented here (right). Subtypes are color-coded along with the other members of
their major type, and the “peculiar” subtype labels are grouped with the appropriate “normal” events (except for the SN Ibc-pec
group of L11, which included both SNe Ic-BL and Ca-Rich transients). All fractions are listed in Table 3 and any objects listed
in Table 1 with more than one possible classification are given a fractional weight in each class, as described in §5.

Ic-BL with the SNe Ic, which only a↵ects these rates by
a small amount). L11 calculate a ratio of SNe Ic/SNe Ib
= 54.2± 9.8%/21.2+8.4

�7.7% = 2.6± 1.1, while Smith et al.
(2011a, excluding SNe from highly inclined galaxies) cal-
culated SNe Ic/Ib = 14.9+4.2

�3.8%/7.1+3.1
�2.6% = 2.1±1.1 (in

all cases the errors listed are statistical only, and were
derived from Monte Carlo simulations similar to those
described above).
We now calculate a ratio of normal SNe Ic to normal

SNe Ib of 0.6±0.3 and, if we include the SNe Ic-BL and
other peculiar subtypes with the normal SNe Ib and Ic,
we find a (SN Ic+Ic-BL+Ic-pec)/SN Ib ratio of 0.8±0.4.
This update to the population fractions is driven by

our reclassifications of seven stripped-envelope events.
First, we relabeled four events from a Ic subtype to
a Ib or IIb subtype (SNe 2001M, 2001ci, 2004C, and
2005lr). In each of these cases, the need for reclassifi-
cation is easily understood: three of these events had
spectra severely reddened by host-galaxy dust and were
originally classified by eye without the aid of SNID, and
one showed only weak He I lines in the spectrum (SN
2001M). Second, we created the SN Ib/Ic (unsure) cate-
gory, which includes an additional two events that show
weak He I lines with some uncertainty on their iden-
tification (SNe 2002jz and 2004cc) and one event with
only sparse and noisy observations (SN 2006eg). If we
assume that all of the SNe in the latter category deserve
the Ic label, our Monte Carlo trials indicate that normal
SNe Ib and SNe Ic (excluding peculiar subtypes) occur
at similar rates: SNe Ic/Ib = 0.9± 0.5. If we rather as-
sume that they are all SNe Ib, we get a ratio of normal
SNe Ic/Ib = 0.5± 0.3.

These results have implications for our understand-
ing of the progenitors of stripped-envelope SNe, as we
discuss below, and may a↵ect other works that use the
LOSS rates as input (e.g., Foley & Mandel 2013).

6. PROGENITOR CONSTRAINTS ON
STRIPPED-ENVELOPE SNE

Wolf-Rayet (WR) stars have long been discussed as
Galactic analogues of SN Ib/c progenitors (e.g., Meynet
& Maeder 2003; Crowther 2007), though many authors
have argued that binary stars which undergo mass loss
via Roche-lobe overflow before core collapse are likely
the most common SN Ib/c progenitor (e.g., Podsiad-
lowski et al. 1992; Smartt 2009; Smith et al. 2011a; El-
dridge et al. 2013). Regardless, stellar modeling e↵orts
have found it di�cult to match the SN Ic/Ib fractions
presented by L11 and Smith et al. (2011a), which de-
mand more SN Ic progenitors (stars that lose both their
hydrogen envelope and a large fraction of their helium
envelopes) than Ib progenitors (stars that lose just the
hydrogen; e.g., Georgy et al. 2009; Yoon et al. 2010;
Yoon 2015), though some success has been achieved
by invoking rapid rotation of the progenitors (e.g., Cao
et al. 2013; Groh et al. 2013b).
To address this putative issue, some authors have pro-

posed that some amount of helium in SNe Ic may be
“hidden” and remain neutral if the 56Ni (which provides
nonthermal excitations via radioactive decay) is insu�-
ciently mixed with the helium-rich ejecta (e.g., Dessart
et al. 2011, 2012). Comparisons to observation do not
find evidence for large amounts of hidden helium in SNe
Ic, however, and it is unclear from the models how much
helium could truly be hidden in this way (e.g., Hachinger

BUT OBSERVATIONS SHOW:

Binary evolution and/or extensive mass loss in last years before 
explosion modify the appearance of stars/SNe

Shivvers et al. 2017

Red Supergiants
M<18 M⦿

WR-like progenitors?
Probably stripped via
binary interactions

Strong interactions
(MCSM~0.01-1 M⦿)



Sana et al. 2012

O stars:
MZAMS>15M⦿



IMAGING PROGENITORS

A star is present at the SN position in pre-explosion 
imaging, but vanishes afterwards

In this case Minit ~ 18 M⦿

This has been done for ~20 or so SNe now

Van Dyk et al. 2011, 2013

Before

After

SN



THE ROLE OF LSST
Note the SN landscape in the early 2020’s— many bright (nearby) SN searches 
will be operational (ASASSN, ATLAS, etc.) and the initial run of ZTF will have 
already happened

Massive number of SN discoveries

Well-defined subsamples

Uniformly high-quality photometry for free

Both in photometric precision and quality of subtractions

Large dynamic range

Light curve points when SNe are either really young or old

Ability to be modeled 

Mitigating some selection biases 



COSMIC SFR PROBED BY CCSNE

CC SN rate is proportional to the star formation rate

Explaining the SN Rate-Mass Dependency 17

Table 4. Volumetric CC SN rate measurements

Redshift NCC Rate Reference

< 0.0026a 14 1.1+0.4
�0.3 Botticella et al. (2012)

< 0.0035a 35 > 1.5+0.4
�0.3 Mattila et al. (2012)

< 0.0066a 92 > 0.96 Smartt et al. (2009)

0.01 67 0.43± 0.17 Cappellaro et al. (1999)b

< 0.014a 440 0.62+0.07,+0.17
�0.07,�0.15 Li et al. (2011b)

0.072 89 1.06+0.11,+0.15
�0.11,�0.15 Taylor et al. (2014)

0.075 16 1.04+0.33,+0.04
�0.26,�0.11 This work

c

0.21 44.95d 1.15+0.43,+0.42
�0.33,�0.36 Botticella et al. (2008)

0.26 31.2d 1.88+0.71
�0.58 Cappellaro et al. (2005)b

0.3 17 2.51+0.88,+0.75
�0.75,�1.86 Dahlen et al. (2004)e

0.3 117 1.63+0.34,+0.37
�0.34,�0.28 Bazin et al. (2009)

0.39 3 3.29+3.08,+1.98
�1.78,�1.45 Melinder et al. (2012)

0.39 9 3.00+1.28,+1.04
�0.94,�0.57 Dahlen et al. (2012)

0.66 8.7 6.9+9.9
�5.4 Graur et al. (2011)

0.7 17 3.96+1.03,+1.92
�1.06,�2.60 Dahlen et al. (2004)e

0.73 5 6.40+5.30,+3.65
�3.12,�2.11 Melinder et al. (2012)

0.73 25 7.39+1.86,+3.20
�1.52,�1.60 Dahlen et al. (2012)

1.11 11 9.57+3.76,+4.96
�2.80,�2.80 Dahlen et al. (2012)

Note. Rates are measured in units of 10�4 yr�1 Mpc�3. Where

reported, the statistical errors are followed by systematic errors,

and separated by commas.
aBotticella et al. (2012), Mattila et al. (2012), Smartt et al. (2009),

and Li et al. (2011b) consider CC SNe within 11, 15, 28 and 60
Mpc, respectively.
bRates have been converted to volumetric rates using equation 14.
cConverted from the SN II rate of 0.621+0.197,+0.024

�0.154,�0.063 by assuming

that SNe IIP/L account for 60 per cent of all CC SNe.
dBotticella et al. (2008) and Cappellaro et al. (2005) found a total

of 86 and 31.2 SN candidates of all types, respectively.
eSuperseded by Dahlen et al. (2012).

0.11 (stat) ± 0.15 (sys) ⇥ 10�4 yr�1 Mpc�3, consistent
with our measurement.

Horiuchi et al. (2011) compared the volumetric CC SN
rates and the cosmic SFH and found that the scaling factor
required to match the two was o↵ by a factor of ⇠ 2, which
meant that too few CC SNe were detected to account for
the explosive death of all stars with masses > 8 M�. This
conclusion was based on the assumption that, due to the
short delay times between the formation and explosion of
CC SN progenitors, the volumetric CC SN rate, RCC,V, and
cosmic SFH, ⇢̇

?

(z), would be connected by

RCC,V = A⇢̇
?

(z) (12)

and

A =

M

maxR

M

min

�(M)dM

125R

0.1

M�(M)dM

, (13)

where �(M) is the initial mass function (IMF) and M
min

and M
max

are the lower and upper limits on the zero-age
main-sequence masses of CC SN progenitor stars. We repeat
this exercise here. Following Horiuchi et al. (2011), we take
M

min

= 8 M� and M
max

= 40 M�. However, whereas Ho-
riuchi et al. (2011) used the Yüksel et al. (2008) fit to the
Hopkins & Beacom (2006) SFH measurement compilation
along with the Salpeter ‘Modified A’ IMF from Baldry &
Glazebrook (2003), we use the Behroozi, Wechsler, & Con-

Figure 9. CC SN volumetric rates as a function of redshift. The

rate measured in this work is shown as a red square. The thick ver-

tical error bars denote the statistical uncertainty, while the thin
vertical error bar shows the added systematic uncertainty. The

horizontal error bar delineates the 68.3 per cent redshift range of

the star-forming, non-AGN, galaxies in our sample. Rates from
the literature that did not include a correction for the fraction

of CC SNe missed in highly star-forming galaxies are shown as

open symbols, as marked, while rates that have been corrected for
this missing fraction are shown as black symbols, as marked. All

vertical error bars include statistical and systematic uncertain-
ties. The solid and dashed curves are the Behroozi et al. (2013)

cosmic SFH scaled to fit the uncorrected and corrected rates, re-

spectively. The dark and light shaded areas around the curves
are the 68.3 per cent confidence regions around the best-fitting

scalings and account for both the statistical and systematic un-

certainties, respectively, of the rates used in each fit. The redshifts
of the Botticella et al. (2012) and Dahlen et al. (2012) measure-

ments have been shifted by 0.01, and the Taylor et al. (2014)

measurement by �0.01, to improve their visibility in the plot.

roy (2013) cosmic SFH fit and, to remain consistent with
previous rates-measurement works such as GM13, Maoz,
Sharon, & Gal-Yam (2010), Maoz et al. (2011), and Maoz,
Mannucci, & Brandt (2012), the ‘diet’ Salpeter IMF from
Bell & de Jong (2001). This IMF is similar to the Salpeter
(1955) IMF, dN / M�2.35 dM , where N is the number of
stars within the mass bin [M,M + dM ], but with a mass-
to-light ratio M/L scaled down by 30 per cent (i.e., the
‘diet’ Salpeter IMF produces only 70 per cent of the stellar
mass produced by the canonical Salpeter IMF). This IMF
extends from 0.1 to 125 M�. As Behroozi et al. (2013) used
the Chabrier (2003) IMF, which produces 30 per cent less
mass than the ‘diet’ Salpeter IMF, we scale up their SFH
fit by a factor of 1.4. Our choice of IMF results in a scaling
factor of A = 0.0093 SNe M�1

� , which is close to the value
of 0.0088 SNe M�1

� calculated by Horiuchi et al. (2011).
Here, we fit all CC SN rate measurements as they ap-

pear in Table 4, excluding the rates measured by Dahlen
et al. (2004), which have been superseded by the rates in
Dahlen et al. (2012), and the rate from Smartt et al. (2009),
which is an estimate of the lower limit of the CC SN rate.
Where necessary, we have corrected rates to reflect the value

© 0000 RAS, MNRAS 000, 000–000

Graur et al. 2015

Strolger et al. 2015



CORRELATIONS WITH 
ENVIRONMENTS

Locations within hosts are 
related to the mass of the 
progenitors 

Other environmental effects: 
e.g., fraction of stripped-
envelope SNe vs. host 
metallicity

Kelly et al. 2008



A WELL-SAMPLED SN II LIGHT CURVE

CSP: Anderson et al. 2014



SN IIP THEORETICAL  
LIGHT CURVE

Hot, cooling envelope at early times (large progenitor 
radius ~ few × 1013 cm)

e.g., Eastman et al. 1994  Rubin et al. 2016



SN IIP THEORETICAL  
LIGHT CURVE

~100 day plateau powered by H recombination (large 
hydrogen envelope ~ 10 M⦿)

e.g., Eastman et al. 1994 Leonard et al. 2002



PLATEAU SCALINGS

Arnett (1980); Popov (1993); Kasen & Woosley (2009) and more derived 
analytic scaling relationships for the plateau

Above assumes radiative diffusion and recombination releasing shock-
deposited thermal energy

Note: effects of nickel heating extend the plateau by ~20%!



SN IIP THEORETICAL  
LIGHT CURVE

Radioactive decay tail at late times

e.g., Eastman et al. 1994



TYPE II SN LIGHT CURVES

Barbon et al. (1979) defined 2 classes of SNe II based on blue light 
curves: IIP have a plateau with duration ~100 days vs. IIL

Lots of authors have proposed similar, but not identical, criteria

CCCP: Arcavi et al. 2012LOSS: Faran et al. 2014



LARGE LIGHT CURVE SAMPLES

Pan-STARRS1: Sanders et al. 2015 CSP: Anderson et al. 2014



LARGE LIGHT CURVE SAMPLES

Pan-STARRS1: Sanders et al. 2015 CSP: Anderson et al. 2014



A VARIETY OF DECLINE RATES

CSP: Anderson et al. 2014
Pan-STARRS1: Sanders et al. 2015

No statistical evidence for bimodality!

Plateau decline rate



CORRELATIONS 

Faster decline on plateau = more “IIL-ish” = more luminous
CSP: Anderson et al. 2014Pan-STARRS1: Sanders et al. 2015



POPULATION COMPARISONS

Models from Kasen & 
Woosley (2009) compared 
to data from PS1 (Sanders 
et al. 2015)

Very few of the models 
overlap in parameter 
space with the data!



PLATEAU DURATIONS

Most objects have plateau 
durations of 90 ± 20 days

Model grids generally produce a 
wider variety of plateau durations 
(e.g., 0.3B explosions with 180d 
plateaus: Kasen & Woosley 2009; 
Dessert et al. 2013)

This may reveal hidden 
correlations, see Poznanski (2013)Pan-STARRS1: Sanders et al. 2015



NICKEL PRODUCTION

MNi is perhaps the easiest fundamental 
observable to measure— can easily scale to 87A

2 orders of magnitude spread in nickel 
production: few × 10-3 M⦿ — few × 0.1 M⦿

PS1: Sanders et al. 2015

The Nickel Mass Distribution of Normal Type II Supernovae 9

Figure 7. Same as in Figure 6, but for the W18 calibration presented in Sukhbold et al. (2016). We see that in this case the theoretical distributions show lower
MNi values compared with the distributions obtained with the N20 calibration.

Figure 8. P-values of the two-sample KS tests between our joint observational sample and the different theoretical distributions coming from IMFs with different
Mmax. The N20 calibration is shown in the left panel and the W18 calibration in the right panel. p-values from KEPLER and P-HOTB distributions are shown
in a solid black line and red line, respectively. The dashed blue lines represent two different significance levels of the test, pthreshold = 0.05 and 0.1. We can
clearly see that most of the p-values from the P-HOTB distributions are lower than the ones from the KEPLER distributions. For these last ones we can see how
they peak at∼ 19 M⊙ for the N20 calibration, and do not vary greatly above ∼ 21 M⊙ for the W18 calibration.

Müller et al. 2017



NICKEL CORRELATIONS 

Inferred mass of nickel correlates with plateau luminosity and with 
Fe velocity— both proxies for explosion energy (Hamuy 2003)

N
ic
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l

Pejcha & Prieto 2015Valenti et al. 2016



EXPANDING PHOTOSPHERE 
METHOD (EPM)

Basic idea to apply Baade-Wesselink method for variable 
stars (Kirshner & Kwan 1974)

L=4πR2σT4

R from velocity × time

T from color

But Tcol ≠ Teff, so correction factors are required
Dessart et al. 2008



STANDARDIZABLE CANDLES

A single measurement of the Fe II velocity on the plateau or the decline rate on the 
plateau (combined with a color) gives a respectable correlation with luminosity 

Hamuy & Pinto 2002
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FIG. 10.— Combined Hubble diagram using SNe Ia from Betoule et al.
(2014) and SNe II. The red squares are for the SNe II (using the PCM) and
the black dots for the SNe Ia. Note that distance modulus errors for both
methods include the intrinsic dispersion. The red line the Hubble diagram for
the ⇤CMB (⌦m=0.3 and ⌦⇤=0.7) and in magenta line an Einstein-de Sitter
cosmological model (⌦m=1.0 and ⌦⇤=0.0)

23.9) and (22.2, 22.2, 21.3, 20.5) for SNLS and SDSS-II
respectively.

To generate fake apparent magnitudes, we adopt our low-
redshift sample distribution (CSP-I), i.e., the absolute V band
magnitudes at the end of the plateau (Mend) between �15.0
and �17.0 (Anderson et al. 2014). Using MC simulations
and the correlation matrix between Mend, the s2, the plateau
duration (Pd), and the colours (B � V ), we generate 10
000 mock SNe II that follow the nearby distribution. Due
to the fact that it is a simplistic simulation, the effects of
observing conditions (such as seeing, sky transparency, etc)
are not modelled. However, we do take into account the same
magnitude errors of the actual observed SNe of the CSP-I
survey and inject them into the fake SNe. Then, we select
randomly 2000 SNe II (i.e., ⇠ 2000 set of Mend, s2, Pd,
(B � V )) from the MC simulation and for each SN II we
use ⇠ 2000 random redshifts between 0.03 and 0.80. From
this, we can derive an apparent magnitude (i.e. ⇠ 4 000
000 magnitudes) assuming a ⇤CDM model and applying an
inverse K-correction (similar to Section 3.2). Then, we com-
pare the apparent magnitude (at the end of the plateau) with
the limiting magnitude which depends on the redshift. For a
redshift  0.3, an absolute magnitude in V band corresponds
to an apparent magnitude in the r band, from 0.3<z<0.56 to
the i band, finally from 0.56<z<0.80 to the z band. All the
SNe II which pass this cut form our output sample. From the
input and output SNe II, we can derive the modulus distances
after correcting the magnitude using ↵ = 0.37 ± 0.10 and
� = 1.20 ± 0.35. The ↵ and � values were derived using
only the CSP-I sample and applying the PCM as achieved
in de Jaeger et al. (2015). The final Malmquist bias is taken
as the mean value of the modulus distance difference of the
input and output sample for a redshift bin of 0.02. Then, we
interpolate linearly the Malmquist bias over all the bins in
order to apply this bias to each SN of the SDSS and SNLS
sample. The errors for each bin are taken as the standard
error of the mean. For clarity, the standard deviation (⇠ 0.5
mag) is not shown in this figure.

Roughly, for the SNLS survey, we derive a mean

FIG. 11.— The squares represent the simulated Malmquist bias versus red-
shift for the SNLS and SDSS-II survey in black and blue respectively.

Malmquist bias of ⇠ �0.02 mag for a redshift range be-
tween 0.02 and 0.3. After this range, the mean Malmquist
bias decreases up to ⇠ � 0.16 mag for a redshift be-
tween 0.3 and 0.4 and finally to ⇠ �0.32 mag for a
redshift between 0.4 and 0.5. The Malmquist bias de-
creasing after z=0.22 can be modelled by a straight line of
equation:MBSNLS = �1.21(±0.10) ⇥ z + 0.25(±0.03).
Similarly, for the SDSS survey, we derive a mean Malmquist
bias of ⇠ �0.08 mag for a redshift range between 0.02
and 0.1 and ⇠ �0.31 mag for a redshift range be-
tween 0.1-0.15. As for SNLS, we fit the decreasing
Malmquist bias after z=0.06 by a straight line of equation
MBSDSS = �4.61(±0.55) ⇥ z + 0.23(±0.05). In Figure
11, we present this approximate Malmquist bias versus red-
shift. The high values derived for all surveys are a warning
for SNe II cosmology. Deriving strong constraints for the
cosmological parameters requires measurements extending
far back in time where the Malmquist bias is important. Thus,
it will be difficult to reach the same level of precision that
obtained with the SNe Ia for which the Malmquist bias is
much smaller (Perrett et al. 2010) and the intrinsic dispersion
too. In the future it is crucial to obtained a good estimation
of this bias with a full simulation as achieved by Perrett et al.
(2010).

Even if our method is an approximation, we apply the
Malmquist bias to each SN II in our Hubble diagram. For this,
to each SN II corrected apparent magnitude, the value of the
Malmquist bias is added at the SN II redshift. Then, we derive
the matter density and compare it with the value obtained in
Section 4.2.2. The matter density distribution shape is very
similar to that derived in Figure 2 and the value obtained,
⌦m=0.35+0.30

�0.22, is also very consistent. We caution again the
reader that even if the Malmquist bias does not seems to affect
our cosmology it should be calculated with more accuracy.

7. CONCLUSIONS
Using three samples, CSP-I, SDSS-II, and SNLS, we con-

struct the two largest SNe II Hubble diagrams (73 SNe II
in this work versus 49 SNe II in the literature), extending
successfully the Photometric colour Method developed in de
Jaeger et al. (2015) to higher redshifts (up to 0.5). We also

de Jaeger et al. 2017



SNE II IN LSST

Light curves of Type IIP supernovae are easy to recognize 
and classify with high confidence even in the absence of a 
spectrum

But note the negative consequences of long intrinsic 
timescales (plus some time dilation) and short observing 
seasons

Also, the fast rise is not well-suited to the “standard” LSST 
cadence


