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Key ques7ons related to local stellar death rate

• What is the mass range for core-collapse SNe? 

• How oCen do SNe succeed or fail? 

• How oAen do SNe form NS or BH? 

• What is the mass funcEon of NSs and BHs? 

• What is the luminosity func7on of SNe? 

• What physics/mechanism sets it?
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Figure 10
The cosmic core-collapse supernova rate (CC SNR). The data points are taken from Li et al. (2011) (cyan
triangle), Mattila et al. (2012) (red dot), Botticella et al. (2008) (magenta triangle), Bazin et al. (2009) ( gray
square), and Dahlen et al. (2012) (blue dots). The solid line shows the rates predicted from our fit to the
cosmic star-formation history. The local overdensity in star formation may boost the local rate within
10–15 Mpc of Mattila et al. (2012).

The numbers of CC SNe detected are too low by a factor of approximately 2 (Horiuchi et al.
2011). Our revised cosmic SFH does not appear to show such systematic discrepancy (see also
Dahlen et al. 2012).

Observations show that at least some long-duration gamma-ray bursts (GRBs) happen simul-
taneously with CC SNe, but neither all SNe nor even all SNe of Type Ibc produce GRBs (for a
review, see Woosley & Bloom 2006). In principle, the rate of GRBs of this class could provide a
complementary estimate of the SFRD (e.g., Porciani & Madau 2001), but it is only a small fraction
(<1% after correction for beaming) of the CC SN rate (Gal-Yam et al. 2006), suggesting that
GRBs are an uncommon chapter in the evolution of massive stars requiring special conditions
that are difficult to model. Recent studies of the GRB-SFR connection have claimed that GRBs
do not trace the SFR in an unbiased way and are more frequent per unit stellar mass formed at
early times (Kistler et al. 2009, Robertson & Ellis 2012, Trenti et al. 2012).

5.3. Stellar Mass Density
Figure 11 shows a compilation (see also Table 2) of recent (mostly post 2006) measurements of
the SMD as a function of redshift (for a compilation of older data, see Wilkins et al. 2008a). We
show local SDSS-based SMDs from Gallazzi et al. (2008), Li & White (2009), and Moustakas et al.
(2013). Moustakas et al. (2013) also measured SMFs at 0.2 < z < 1. However, at z > 0.5, their mass
completeness limit is larger than 109.5 M⊙, so we have used their points only below that redshift. At
higher redshifts (as in Moustakas et al. 2013), nearly all the modern estimates incorporate Spitzer
IRAC photometry; we include only one recent analysis (Bielby et al. 2012) that does not but that
otherwise uses excellent deep, wide-field NIR data in four independent sightlines. We also include
measurements at 0.1 < z ! 4 from Arnouts et al. (2007), Pérez-González et al. (2008), Kajisawa
et al. (2009), Marchesini et al. (2009), Pozzetti et al. (2010), Reddy & Steidel (2009), Ilbert et al.
(2013), and Muzzin et al. (2013). We show measurements for the IRAC-selected sample of Caputi
et al. (2011) at 3 ≤ z ≤ 5 and for UV-selected LBG samples at 4 < z < 8 by Yabe et al. (2009),
González et al. (2011), Lee et al. (2012), and Labbé et al. (2013).

www.annualreviews.org • Cosmic Star-Formation History 463

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

4.
52

:4
15

-4
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 T
oh

ok
u 

U
ni

ve
rs

ity
 - 

M
ul

ti-
Si

te
 o

n 
01

/2
9/

19
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

LOSS (Li+11)

<15 Mpc 
(MaLla+12)

HST (Dahlen+12)

SNLS (Bazin+09)
STRESS (BoTcella+08)

Scaled from SFR 
Mmin = 8 Msun 
Mmax = 40 Msun

NOTE: Possible effects of local over-density in MaTla+12
 3



AA52CH10-Madau ARI 4 August 2014 10:30

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH: a rising
phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ! z ! 8, slowing and peaking at some point probably
between z = 2 and 1.5, when the Universe was ∼3.5 Gyr old, followed by a gradual decline to the
present day, roughly as ψ(z) ∝ (1+z)2.7. The comoving SFRD at redshift 7 was approximately the
same as that measured locally. The increase in ψ(z) from z ≈ 8 to 3 appears to have been steady,
with no sharp drop at the highest redshifts, although there is now active debate in the literature
about whether that trend continues or breaks at redshifts 9 and beyond (Coe et al. 2013, Ellis et al.
2013, Oesch et al. 2013). Although we have adopted a fitting function that is a double power law
in (1 + z), we note that the SFRD data at z < 1 can also be fit quite well by an exponential decline
with cosmic time and an e-folding timescale of 3.9 Gyr. Compared with the recent empirical fit
to the SFRD by Behroozi et al. (2013), the function in Equation 15 reaches its peak at a slightly
higher redshift, with a lower maximum value of ψ and with slightly shallower rates of change at
both lower and higher redshift, and produces 20% fewer stars by z = 0.

We also note that each published measurement has its own approach to computing uncertainties
on the SFRD and takes different random and systematic factors into account, and we have made no
attempt to rationalize these here. Moreover, the published studies integrate their measurements
down to different luminosity limits. We have instead adopted a fixed threshold of 0.03L∗ to
integrate the published LFs, and given the covariance on the measurements and uncertainties
of LF parameters, there is no simple way for us to correct the published uncertainties to be
appropriate for our adopted integration limit. Therefore, we have simply retained the fractional
errors on the SFRD measurements published by each author without modification to provide an
indication of the relative inaccuracy derived by each study. These should not be taken too literally,
especially when there is significant difference in the faint-end slopes of LFs reported in different
studies, which can lead to large differences in the integrated luminosity density. Uncertainties
in the faint-end slope and the resulting extrapolations are not always fully taken into account in
published error analyses, especially when LFs are fit at high redshift by fixing the slope to some
value measured only at lower redshift.

5.2. Core-Collapse Supernova Rate
Because core-collapse supernovae (CC SNe) (i.e., Type II and Ibc SNe) originate from massive,
short-lived stars, the rates of these events should reflect ongoing star formation and offer an
independent determination of the cosmic star formation and metal production rates at different
cosmological epochs (e.g., Madau et al. 1998a, Dahlen et al. 2004). Although poor statistics and
dust obscuration are major liming factors for using CC SNe as a tracer of the SFH of the Universe,
most derived rates are consistent with each other and increase with lookback time between z =
0 and z ∼ 1 (see Figure 10). The comoving volumetric SN rate is determined by multiplying
Equation 15 by the efficiency of forming CC SNe

RCC(z) = ψ(z) ×
∫ mmax

mmin
φ(m)dm

∫ mu
ml

mφ(m)dm
≡ ψ(z) × kCC, (16)

where the number of stars that explode as SNe per unit mass is kCC = 0.0068 M−1
⊙ for a Salpeter

IMF, mmin = 8 M⊙ and mmax = 40 M⊙. The predicted cosmic SN rate is shown in Figure 10
and appears to be in good agreement with the data. The IMF dependence in Equation 16 is
largely canceled out by the IMF dependence of the derived SFRD ψ(z), as the stellar mass range
probed by SFR indicators is comparable to the mass range of stars exploding as CC SNe. Recent
comparisons between SFRs and CC SN rates have suggested a discrepancy between the two rates:
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SFRMinimum mass of  
core-collapse SNe

ex) SN rate (> 10 Msun) = 0.8 x SN rate (> 8 Msun)

2608 C. L. Doherty et al.

Figure 5. Final fates of intermediate-mass stars. Solid lines delineate Mup, Mn and Mmass. The hatched region represents our suggested maximum width of
the EC-SN channel. We also draw particular attention to the hybrid CO(Ne) WD region.

explosion. However, most likely these models would have reached
the conditions for the Fe-peak instability, so they would also end
their lives as ONe WD.

5 FINAL FATES

Fig. 5 gives a global overview of our results in mass and metallicity
space. The critical boundary values of Mup, Mn and Mmass are also
shown in this figure and reported in Table 3.

Our models with moderate mass-loss rates and efficient 3DU
increase their core mass by only ≈0.01–0.03 M⊙ during the TP-
(S)AGB phase. This can be seen by comparing the post-2DU core
mass M2DU to the final core mass MF

C in Tables 1 and 2.

5.1 White dwarfs – CO, CO(Ne), ONe

In Fig. 5, the mass boundaries of the three types of massive WDs,
CO, CO(Ne) and ONe, are shown. We draw particular attention to
the hybrid CO(Ne) WDs, which in our calculations occupy a thin
initial mass range (of width ∼0.1–0.2 M⊙) with final core masses in
the range 1.06–1.08 M⊙ (Fig. 6). If one assumes a Kroupa, Tout &
Gilmore (1993) initial mass function (IMF), one would still expect
them to be quite numerous, making up about 6–8 per cent of WDs
that have undergone either complete or partial carbon burning. Un-
fortunately, direct observations of these hybrid CO(Ne) WDs would
be impossible due to their outer shell of CO which would make them
indistinguishable from a massive CO WD. Nevertheless, confirma-
tion of their existence may come indirectly via the characteristic of
the light curves of Type Ia SN explosions, if they belong to a close

Figure 6. Initial to final mass relation, when convergence issues cease
calculations. The dotted horizontal lines that delineate the difference types
of WD are illustrative only.

binary system (Denissenkov et al. 2013). We would also expect dif-
ferences in their cooling behaviour, because WD cooling is strongly
dependent on composition (e.g. Salaris et al. 1997, 2010; Althaus
et al. 2007).

MNRAS 446, 2599–2612 (2015)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/446/3/2599/2891872 by Tohoku U
niversity user on 30 January 2019

Doherty+15

Electron capture SNe 
only from 9.7-9.8 Msun ?
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Supernova theory
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Figure 11. Synthesized 56Ni masses as a function of initial progenitor mass for sWHW02 progenitors and parameterizations (a) (left) and (b) (right). Successful
explosions are indicated with blue bars, failed core-collapse with gray bars.
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Figure 12. Outcomes of core collapse as a function of initial progenitor mass and progenitor metallicity for WHW02 progenitors for parameterizations (a) (left panel)
and (b) (right panel). We show successful explosions leaving behind neutron stars (green), successful explosions with significant fallback leaving behind either a
massive neutron star or a black hole (orange), and failed explosions leaving behind a black hole (black). Our results are very different from the picture presented by
Heger et al. (2003).

4.4. The Landscape of Massive Single Stars’ Deaths

In Figure 12, we summarize the landscape of the neutrino
mechanism as a function of initial progenitor mass and progen-
itor metallicity. We show results for both parameterizations (a)
and (b), which illustrate the range of the possible results (see
Section 7). Our model has three possible outcomes, as discussed
in this section. The first is a successful explosion leaving be-
hind an NS with mass determined by the mass coordinate at
the shock at the moment of explosion (green). The second is
a successful explosion with explosion energy approximated by
the energy of the neutrino-driven wind that is smaller than the
binding energy of the overlying material (orange). In this case,
significant fallback likely results and the remnant is either a
massive NS or a BH. Finally, progenitors that never satisfy the
explosion condition continue accreting and form a BH (black).
All three metallicities show all three outcomes intertwined in a
complex pattern that is not related to the initial progenitor mass.
The structure of the progenitor stars changes sufficiently as a
function of metallicity, which results in no discernible overall
pattern as a function of the metallicity.

5. THE PREDICTIONS OF THE NEUTRINO
MECHANISM ARE ROBUST

In this section, we explore the robustness of the predictions
and the overall diversity of the neutrino mechanism presented
in Section 4 by studying many different parameterizations
and correlations between different observables (Section 5.1),
equations of state (Section 5.2), and progenitor populations
(Section 5.3).

5.1. Dependence on Neutrino Mechanism Parameterization

In this section, we exploit the greatest advantage of our ap-
proach: the ability to make a systematic study of observables
with respect to the parameterizations of the neutrino mecha-
nism. By varying the parameters in Equation (6), we obtain
a continuum of outcomes ranging from all stars failing to all
stars exploding. We emphasize that we do not arbitrarily decide
which progenitors explode and which do not. Instead, our pa-
rameterization of the neutrino mechanism is very restricted in
the sense that the outcome of progenitors with similar behavior

13

Pecha & Thompson 15 

See also O’Connor & O` 11, 
Ugliano+12, Etrl+15,  
Nakamura+15

- Compactness of the core (M/R) 
- Easier to explode for smaller compactness

NOTE: Neutrino luminosity is parameterized to have successful explosion
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Figure 4. Remnant mass distributions if the core collapse of stars, in the mass
range from 16.5 M⊙ to 25 M⊙, leads to the formation of black holes with the
helium core mass from the models of Woosley et al. (2002; Figure 3). Outside
this mass range we continue to use the results from Zhang et al. (2008; solid) and
Fryer et al. (2012), where dotted lines show the distribution for rapid explosions
and dashed lines show the distribution for delayed explosions. The distributions
are normalized by the average number of remnants between 5 M⊙ and 10 M⊙.
The black hole mass distributions now have a distinct peak in the observed mass
range and far fewer low mass black holes. These low mass black holes could be
completely eliminated by adopting higher energy explosion models from Zhang
et al. (2008) or Dessart et al. (2010) with negligible fall back. The thick, solid
line at 2.25 M⊙ roughly marks the maximum mass of a neutron star.

We can now examine the remnant mass distribution if the
more massive red supergiants undergo failed SN but eject their
hydrogen envelopes based on the Nadezhin (1980) mechanism.
Figure 4 shows the remnant mass distributions after we replace
the remnant masses from the underlying models (for the mass
range 16.5 M⊙ < M < 25 M⊙) with the helium core mass
shown in Figure 3. For all three cases, there is now a far more
distinct peak at the observed masses of black holes, and the pro-
duction of unobserved low mass black holes is greatly reduced.
The effect is most dramatic for the Zhang et al. (2008) model,
where the fraction of black holes (remnant masses >2 M⊙) with
masses between 5 and 10 M⊙ rises from 6% to 46%. Even for
the Fryer et al. (2012) models, where the parameters were, in
part, tuned to better reproduce the mass function of binary black
holes, the fractions rise from ∼40% to ∼70%.

Smith et al. (2011) argue that adding such a population of
failed SNe is difficult to reconcile with attempts to distribute SN
types over the IMF. The essence of the argument is that the Type
IIP fraction of (48 ± 6)% found by Li et al. (2011) is so low that
the proposed failed SN mass range of 16.5 M⊙ ! M ! 25 M⊙
needs to produce non-Type IIP SNe in order to match the
observed SN type fractions. For example, in the absence of
binaries, assigning the mass range from M0 = 9.4 M⊙ to
M1 = 15.3 M⊙ to producing Type IIP SNe, and M > M1 to
producing non-Type IIP SNe has a 48% Type IIP fraction
and is consistent (χ2 = 1.5 for 1 dof) with the estimates of
M0 = 8.5+1.0

−1.5 M⊙ and M1 = (16.5 ± 1.5) M⊙ by Smartt et al.
(2009). However, this leaves no room to allot a mass range
containing ∼20% of progenitors to failed SNe.

Rather than being evidence against failed SNe, this is really
evidence for the importance of binaries, which was discussed
by Smith et al. (2011) in other contexts. Because we lack a fully
quantitative understanding of either mass loss by individual stars
or mass transfer in binaries, we only consider three classes
of objects. We attribute Type IIP SN to lower mass stars
(M0 ≃ 8.5 M⊙ < M < M1 ≃ 16.5 M⊙). These limits are
chosen to match the mass range associated with Type IIP SNe
by Smartt et al. (2009). Non-IIP SN are a combination of high
mass stars (M > M2 ≃ 25 M⊙), which have lost mass due to
either stellar evolution or binary mass transfer, and a fraction
b of the IIP mass range, where binary interactions lead to a
non-IIP SN. For the present purposes, the relative fractions of
the higher M > M2 mass stars that are stripped by mass loss or
binary interactions do not matter. The mass scale M2 ≃ 25 M⊙
is roughly the highest mass at which stars both undergo core
collapse as red supergiants and the range of progenitor masses
that can be more difficult to explode (e.g., O’Connor & Ott 2011
and Ugliano et al. 2012). Finally, the mass range M1 < M < M2
leads to a failed SN. The interacting binary fraction is expected
to be very high. For example, Sana et al. (2012) estimate that
of all O stars at birth, roughly 30% are effectively single,
24% merge, 33% undergo some envelope stripping, and 14%
have some accretion, which means it is perfectly plausible that
b = 30%–50% of stars in the IIP mass range become non-IIP
SNes due to interactions. In the IIP mass range, the donor star
explodes as a non-IIP SN because of the mass transfer, and
the recipient can explode as a non-IIP SN because it evolves
as a more massive star with greater mass loss. We discuss the
potential effects of this binary fraction on the phenomenology
of the failed SNe in Section 3.

Under these assumptions, we can simply solve for the binary
fraction required to leave a 48% Type IIP fraction for successful
SNe. For M0 = 8.5 M⊙, M1 = 16.5 M⊙, and M2 = 25 M⊙
this results in a binary fraction of b = 0.33, which is quite
reasonable. Raising the upper mass limit for a failed SNe
to M2 = 30 M⊙ only requires raising the binary fraction to
b = 0.37. For M2 = 25 M⊙ and the higher Type IIP fraction of
59% found by Smartt et al. (2009) the binary fraction need only
be b = 0.18. Given all the other uncertainties, the main point
is simply that given a reasonable fraction of binary-induced SN
type transformations (from IIP to not IIP), there is no difficulty
accommodating a significant rate of failed SNe in an accounting
of SN types over the IMF. Figure 5 illustrates this graphically,
following the similar figures by Smith et al. (2011).

3. DISCUSSION

Assuming that high-mass red supergiants die as failed SNe
naturally solves two observational puzzles: (1) the failure to
find progenitors in this mass range (e.g., Kochanek et al. 2008;
Smartt et al. 2009), and (2) the peculiar mass distribution of
compact remnants (e.g., Bailyn et al. 1998; Özel et al. 2010,
2012; Farr et al. 2011). While we lack a fully predictive theory
of core collapse events, it is also true that many stellar models
in this mass range have density structures that render them more
difficult to explode (e.g., O’Connor & Ott 2011; Ugliano et al.
2012).

Models of successful SNe can form black holes with masses
of 5–10 M⊙ by carefully tuning the stellar mass loss or mass
transfer and the explosion energetics to achieve the correct
amount of mass fall back. We used the examples of Zhang
et al. (2008), which poorly matches the observed black hole
mass distribution, and Fryer et al. (2012), which does better.

4

Impact to  
the remnant mass func7on
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0 2 4 6 8 10

Figure 1. Observed masses of neutron stars (filled triangles) and black holes
(filled squares) from Özel et al. (2010, 2012). The thick solid line at 2.25 M⊙
roughly marks the maximum mass of a neutron star. The relative numbers of
neutron stars and black holes cannot be quantitatively compared.

structures that would literally allow a direct collapse with almost
no external signature (Woosley & Heger 2012); others might go
through a phase where accretion onto the black hole temporally,
and almost certainly unstably, supports the remaining stellar
envelope; or a weak shock might reach the surface of the
star to create a weak explosive transient (e.g., Nadezhin 1980;
Lovegrove & Woosley 2013 ; Piro 2013 ). Our point in Kochanek
et al. (2008) was that a search for black hole formation in failed
SNe could be carried out independent of the presence of an
associated, external transient, because the initial and final states
of the system were well defined. Moreover, this is the only
direct detection method that is likely to succeed in the near
term, given SN rates and the limited sensitivities of present and
future neutrino and gravitational wave detectors.

The last available probe of these physical processes is the
mass function of the resulting neutron stars and black holes.
We show the observed masses of these remnants in Figure 1,
using the summaries from Özel et al. (2010, 2012). While there
are many observational issues because we can only measure
masses in binary systems, the observed mass function has three
striking features (see, e.g., Bailyn et al. 1998; Özel et al. 2010,
2012; Farr et al. 2011; Kreidberg et al. 2012). First, neutron
star masses have a narrow distribution. Second, there is a
significant gap between the mass distribution of neutron stars
and black holes. Third, while very high mass black holes exist,
the typical black hole is far less massive than the stars believed
to have created it. Özel et al. (2010) argue that selection effects
caused by the requirements for producing accreting binaries may
bias the observed distributions against higher mass black holes
(M ! 10 M⊙), but should not produce a gap between neutron
stars and black holes.

The simplest physical possibility would have been that
successful SNe explosions lead to neutron stars with (roughly)
the mass of the iron core (less neutrino losses, etc.), and failed
explosions lead to black holes with the mass of the star at death.

0 2 4 6 8 10
0

2

4

6

8

10

Figure 2. Remnant mass distributions for the explosion models of Zhang et al.
(2008; solid) and Fryer et al. (2012), where dotted lines show the distribution for
rapid explosions and dashed lines show the distribution for delayed explosions.
The distributions are normalized by the average number of remnants between
5 M⊙ and 10 M⊙. The models predict distributions dominated by low mass
(< 5 M⊙) black holes and lack any clear gap between the masses of neutron stars
and black holes. The thick solid line at 2.25 M⊙ roughly marks the maximum
mass of a neutron star.

This would naturally cause a gap in mass, with neutron stars
having a mass ≃1.4 M⊙ and black holes having the final stellar
mass. The problem is that almost all stars at death are more
massive than the typical mass of the observed black holes. In
standard models (e.g., Zhang et al. 2008; Dessart et al. 2010;
Fryer et al. 2012) this forces black holes to be made in the course
of successful ccSNe explosions so that mass can be ejected. The
explosion is initiated in the core and the initial mass of the proto-
neutron star is similar to an explosion in which a neutron star
is formed, however this is followed by significant “fall back” of
material onto the neutron star, which leads to the formation of a
black hole. This allows for the formation of black holes that are
less massive than their progenitor stars, but it requires fine tuning
of stellar mass loss and explosion energies. In particular, it is
difficult to avoid a continuous distribution of remnant masses
without the observed gap between neutron stars and black holes.
These problems are illustrated in Figure 2, where we show the
remnant mass distributions predicted by Zhang et al. (2008) and
Fryer et al. (2012). We fully explain the construction of Figure 2
in Section 2. The Zhang et al. (2008) models have no gap,
whereas the Fryer et al. (2012) models partially create one by
changing the explosion energetics with progenitor mass (also see
Belczynski et al. 2012). One practical difference between these
models is that the Fryer et al. (2012) models were constructed
in part to explain the remnant mass distribution, while the
Zhang et al. (2008) models were not. It is possible that the
lack of similarity between the observed (Figure 1) and model
(Figure 2) distributions is purely observational, but it could also
be evidence that fall back is not a good mechanism for explaining
the masses of black holes.

Binary interactions offer an alternate route to addressing this
problem. Most massive stars are in binaries and a large fraction

2

Kochanek+14

Assuming 16-25 Msun stars 
do not explode and form BH
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Luminosity func7on
The Astronomical Journal, 147:118 (11pp), 2014 May Richardson et al.

Figure 14. Miller diagram of 74 SNe IIP.
(A color version of this figure is available in the online journal.)

Figure 15. Absolute-magnitude distributions for SNe IIP.
(A color version of this figure is available in the online journal.)

not be sufficient (Gezari et al. 2009). Kasen & Bildsten (2010)
suggest that the rotational energy from a remnant magnetar is
providing the extra energy. There are no subluminous SNe IIL.

Both the bias-corrected and volume-limited distributions with
host-galaxy extinction considered are brighter by 0.36 mag than
when host-galaxy extinction is not considered. When compared
to R02, the current sample is 0.28 mag brighter. Our mean is
0.42 mag brighter than that of L11. If the effects of host-galaxy
extinction are not taken into account, the difference is reduced
to 0.06 mag.

4.8. Type IIP

The Miller diagram for 74 SNe IIP is shown in Figure 14.
The absolute-magnitude distributions for SNe IIP are shown
in Figure 15. The bias-corrected sample has a mean absolute
magnitude of MB = −16.75 ± 0.37 and a standard deviation of
0.98 for 78 SNe. This is the dimmest mean absolute magnitude
of any of the SN types. Only four SNe were added in the
bias-correction process and none of the original data were
found beyond µ = 35. The bias-corrected sample is therefore
very similar to the volume-limited sample. The volume-limited
sample has a mean absolute magnitude of MB = −16.80 ± 0.37

Figure 16. Miller diagram of 29 SNe IIn.
(A color version of this figure is available in the online journal.)

and a standard deviation of 0.97. This sample contains all of the
original 74 SNe IIP.

If the approximately 5 mag of host-galaxy extinction (Meikle
et al. 2002; Pozzo et al. 2006) were not taken into account,
SN 2002hh would appear to be extremely dim. Instead, it is
barely brighter than the 2σ limit of MB = −18.71. It is the
only SN considered to be extremely bright for SNe IIP. SN
1999br is the only SN IIP that is dimmer than the lower 2σ
limit of MB = −14.79. It appears to not have any significant
host-galaxy extinction (Pastorello et al. 2004) and is therefore
extremely dim even for a Type IIP SN.

When accounting for host-galaxy extinction, our bias-
corrected mean is 0.46 mag brighter than it would be if we did
not account for host-galaxy extinction. Similarly, our volume-
limited distribution is brighter by 0.45 mag. The results of the
current sample are roughly the same as that reported in R02. Our
mean is 0.96 mag brighter than that of L11. When removing the
effects of host-galaxy extinction, this reduces to 0.50 mag. While
this is considerable, it still lies within the overlapping error bars
of the two distributions.

4.9. Type IIn

The Miller diagram for 29 SNe IIn is shown in Figure 16.
The absolute-magnitude distributions for SNe IIn are shown
in Figure 17. The bias-corrected sample has a mean absolute
magnitude of MB = −18.53 ± 0.32 and a standard deviation of
1.36 for 48 SNe. The volume-limited sample has a mean absolute
magnitude of MB = −18.62 ± 0.32 and a standard deviation
of 1.48 for 21 SNe. This distribution is only 0.09 mag brighter
than the bias-corrected distribution. The bias-correction process
extended out to µ = 39 which allowed for more dim SNe to
be generated while going out far enough to include only two
superluminous SNe. Apparently, these superluminous SNe only
make up about 4% of all SNe IIn, which is still considerably
larger than for all SNe in general (approximately 0.1%, see
Section 4.1 above).

The 2σ limits are −15.81 and −21.25. This is the widest
distribution in the study. Even with the brightest upper limit of
any other SN type, there are still four SNe IIn brighter than
this limit. They are 2005ap, 2006gy, 2008am, and 2008fz. Two
other SNe (2003ma and 2009jh) considered to be generally
superluminous above, fall just below the upper 2σ limit here
and therefore are not considered extremely bright for SNe IIn.
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Figure 14. Miller diagram of 74 SNe IIP.
(A color version of this figure is available in the online journal.)

Figure 15. Absolute-magnitude distributions for SNe IIP.
(A color version of this figure is available in the online journal.)
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providing the extra energy. There are no subluminous SNe IIL.

Both the bias-corrected and volume-limited distributions with
host-galaxy extinction considered are brighter by 0.36 mag than
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Figure 16. Miller diagram of 29 SNe IIn.
(A color version of this figure is available in the online journal.)
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limit of MB = −14.79. It appears to not have any significant
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current sample are roughly the same as that reported in R02. Our
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effects of host-galaxy extinction, this reduces to 0.50 mag. While
this is considerable, it still lies within the overlapping error bars
of the two distributions.
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magnitude of MB = −18.62 ± 0.32 and a standard deviation
of 1.48 for 21 SNe. This distribution is only 0.09 mag brighter
than the bias-corrected distribution. The bias-correction process
extended out to µ = 39 which allowed for more dim SNe to
be generated while going out far enough to include only two
superluminous SNe. Apparently, these superluminous SNe only
make up about 4% of all SNe IIn, which is still considerably
larger than for all SNe in general (approximately 0.1%, see
Section 4.1 above).

The 2σ limits are −15.81 and −21.25. This is the widest
distribution in the study. Even with the brightest upper limit of
any other SN type, there are still four SNe IIn brighter than
this limit. They are 2005ap, 2006gy, 2008am, and 2008fz. Two
other SNe (2003ma and 2009jh) considered to be generally
superluminous above, fall just below the upper 2σ limit here
and therefore are not considered extremely bright for SNe IIn.
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Table 2
Volume-limit Distributions

SN Type MB
a σ b N

Ia −19.26 ± 0.20 0.51 171
Ib −17.54 ± 0.33 0.94 18
Ic −17.67 ± 0.40 1.04 36
IIb −17.03 ± 0.45 0.93 15
IIL −17.98 ± 0.34 0.90 17
IIP −16.80 ± 0.37 0.97 74
IIn −18.62 ± 0.32 1.48 21

Notes.
a Includes uncertainties in apparent magnitude, distance modu-
lus, and foreground and host-galaxy extinction, as well as for
K-corrections added in quadrature.
b This is the statistical standard deviation in the mean.

uncertainties with contributions from apparent magnitude, dis-
tance modulus, foreground and host-galaxy extinction, as well
as for K-corrections. The uncertainties in Table 1 also include a
contribution from the uncertainties for the bias-correction pro-
cess. Superluminous and subluminous SNe will be discussed
below for the entire sample and for the separate SN types.

In order to compare the results here with those of R02, one
must keep in mind that the distributions in R02 were volume-
limited samples limited at µ = 40 rather than µ = 35. Also,
host-galaxy extinction in R02 was handled statistically for each
distribution as a whole without consideration for the extinction
of individual SNe. The bias-correction method used in the
current study depends heavily on the dimmest SNe and it is
therefore very important to know the host-galaxy extinction as
well as possible for those dim SNe. It is for this reason that we
considered host-galaxy extinction for as many SNe as possible,
especially for the dimmest SNe. For the sake of comparison,
we have also calculated distributions for each of the SN types
without the host-galaxy extinction removed. These comparisons
are given for each of the SN types in the subsections below
(4.3–4.9).

A study by Li et al. (2011, hereafter L11) presented findings of
the Lick Observatory Supernova Search (LOSS). Data was col-
lected through a controlled search with consistent data reduction
for 175 SNe in volume-limited samples. They presented abso-
lute R-magnitude distributions for the various SN types without
the removal of host-galaxy extinction. They accounted for com-
pleteness (selection bias) in their data by using the control time
for each SN in their volume-limited samples (information we
do not have for most of our SNe). In some cases, our results
are similar to theirs, however some differences are significant.
Those differences are discussed below (Sections 4.3–4.9).

4.1. Superluminous Supernovae

In this study, we have nine SNe that are superluminous
(MB < −21). The superluminous SNe shown in Figure 2 are
2003ma (IIn), 2005ap (IIn), 2006gy (IIn), 2006oz (Ib), 2008am
(IIn), 2008es (IIL), 2008fz (IIn), 2009jh (IIn), and 2010gx (Ic).
Note that most of these are SNe IIn. All of these SNe were
discovered after R02. At that time there were 20 SNe for which
MB < −20. In the current study, there are 50.

In an attempt to find the true fraction of superluminous
SNe, we used the method mentioned above to produce a bias-
corrected sample of all SNe for which peak magnitudes are
known. Our bias-corrected sample extended out to µ = 40 and
included 2025 SNe. Out of these, only three were superlumi-

nous. We therefore consider approximately 0.1% of all SNe to
be superluminous. There exist a few superluminous SNe, with-
out IAU designations, that were not included here (Quimby et al.
2013). When taking these SNe into account, the results do not
significantly change. This is because nearly all of them are at
distances greater than µ = 40, where our bias-corrected sample
stops. Therefore, these SNe exist in a much larger volume that
cannot be corrected for selection bias and it is reasonable that
they make up a very small fraction of SNe in that large volume.

When considering SNe for which MB < −20, we find that
there are 84 out of 2025 in our bias-corrected sample. We
therefore find that approximately 4% of all SNe are brighter
than MB = −20.

4.2. Subluminous Supernovae

There are seven SNe in Figure 2 that we consider to be
subluminous (MB > −15). SNe 1923A (possibly a IIP) and
1945B (unknown type) were both found to be far from the
center of a nearly face-on galaxy (M83) and therefore are not
thought to be heavily extinguished (Shaefer 1996). Because of
this we estimated their host-galaxy extinction to be zero. This
extinction is highly uncertain. If the average model extinction
for core-collapse SNe were to be applied to these SNe, 1923A
would still be subluminous, but 1945B would not. It is unusual
to find a Type Ia in this category, but SN 2008ha appears to
be intrinsically dim. As a more extreme version of SN 2002cx
(Foley et al. 2009, 2010) it is definitely peculiar. There is the
possibility that it is not a Type Ia SN at all, but rather a core-
collapse SN (Valenti et al. 2009). The host galaxy of SN 1940E
is dusty and nearly edge-on (Shaefer 1996). Because of this, it
is thought to have significant extinction from its host galaxy.
This extinction is very uncertain and we have estimated it to
be one magnitude. It could be somewhat larger than this, but
it is still likely to be subluminous. Due to the lack of narrow
interstellar Na i D lines in the spectrum of SN 1999br (Pastorello
et al. 2004), we have estimated its host-galaxy extinction to be
zero. If the average model host-galaxy extinction were to be
applied to this SN, it would still be subluminous. The host-
galaxy extinction for SN 2003bk is not known. If the average
model extinction were applied, it would not be subluminous.

We used the same bias-corrected sample mentioned above for
superluminous SNe in order to find the percent of all SNe that
are subluminous. We found that approximately 3% of all SNe
have peak absolute magnitudes for which MB > −15.

4.3. Type Ia

Figure 4 is a Miller diagram of all SNe Ia not known to be
spectroscopically peculiar. Because a significant source of our
data is the ASC, peculiarity is not known for all of our SNe
Ia. Therefore, our sample may include a few peculiar SNe Ia.
As with the Miller diagrams for the other types, foreground
extinction, host-galaxy extinction, and K-corrections have been
taken into account. There are 382 SNe Ia in this graph. Figure 5
shows two absolute-magnitude distributions determined from
the sample of SNe Ia shown in Figure 4. The top panel is
a histogram of the bias-corrected sample while the bottom
panel is a histogram of the volume-limited sample. The data
has been collected into bins with a width of one magnitude.
The bias-corrected sample has a mean absolute magnitude of
MB = −19.25 ± 0.20 and a standard deviation of 0.50 for 239
SNe (Table 1). The bias-correction process for SNe Ia continued
out to µ = 38, and stopped at that point. The results for the
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Figure 6. Same as Fig. 5 but for SNe Ibc. The galaxies are split into S0–Sbc
and Sc–Irr bins.

Filippenko 2003; Li et al. 2003b; Jha et al. 2006b; Phillips et al.
2007). This classification is based on the information published in
the IAU Circulars and/or analysis of the spectra in our spectral data
base (Silverman et al., in preparation). As discussed by Li et al.
(2001c), there is a significant ‘age bias’ for SN 1991T-like objects,
caused by the fact that such objects can only be easily identified
with spectra taken prior to or near maximum brightness. Because
of this, the fraction of SN 1991T-like objects should be regarded
as a lower limit in this study. As discussed by Wang et al. (2009),
a spectrum (or expansion-velocity measurement) within a week
around maximum brightness is required to classify a normal SN Ia
into the ‘IaN’ or ‘IaHV’ subclasses. Fortunately, we were able to
secure such information for all of the SNe Ia in our LF sample.

For SNe Ibc, both the fast- and slow-evolving SNe are relatively
rare (10 per cent for each subclass), but this conclusion is hampered
by the relatively large fraction of SNe Ibc that are either peculiar
or have poor light-curve coverage. We put the SNe Ibc into three
subclasses: SN Ib, SN Ic or peculiar Ibc or Ic (‘Ibc-pec’ or ‘Ic-pec’,
which we consider as the same subclass). We note that in general,
there is considerable uncertainty in classifying SNe Ibc into these
subclasses. Sometimes the SNe are simply reported as ‘SN Ibc’ in
the IAU Circulars without a more specific subclass. Other times, an

Figure 7. Same as Fig. 6 but for SNe II.

SN Ib would only develop strong He I lines after a few weeks, so it
might be misclassified as an SN Ic from an early-time spectrum. The
differences in the spectra of the different subclasses also become
subtle when the SNe are in the nebular phase. Although there are
spectra for 21 of the 25 LF SNe Ibc in our spectral data base, and
the other four SNe were classified in IAU Circulars by experienced
observers, we do not have a good series of spectra for every SN
in the sample to check for a possible SN Ic to SN Ib transition, so
the fraction of SNe Ic should be regarded as an upper limit in this
study.

We attempt to place the SNe II into four subclasses: II-P, II-L,
IIb or IIn. For this purpose, SNe IIn can often be easily distin-
guished from the others because of their unique spectral features
(a prominent narrow- or intermediate-width emission component
in the hydrogen Balmer lines), although in rare cases an SN IIn
can spectroscopically evolve into a regular SN II (e.g. SN 2005gl,
Gal-Yam et al. 2007). It is difficult to distinguish between the other
three subclasses based on their spectra alone. First, the defining
features or spectral evolution have not been established to distin-
guish an SN II-P from an SN II-L. Secondly, even though an SN
IIb can be identified from its early resemblance to an SN II and late
metamorphosis into an SN Ib, it is not clear whether an early SN II
will turn out to be an SN IIb unless we have a good spectroscopic
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Table 6. The average absolute magnitudes of supernovae.

Ia Ibc II

Bin Mean σ a SDOMb Mean σ SDOM Mean σ SDOM

all −18.49 0.76 0.09
E–Sab −18.29 0.75 0.13
Sb–Irr −18.63 0.74 0.11
all −16.09 1.24 0.23 −16.05 1.37 0.15
S0–Sbc −15.98 0.83 0.26 −16.22 1.39 0.21
Sc–Irr −16.15 1.43 0.33 −15.88 1.34 0.20

E–Sab (LK < 11.0 × 1010 L⊙) −18.27 0.78 0.20
E–Sab (LK > 11.0 × 1010 L⊙) −18.24 0.73 0.19
Sb–Irr (LK < 9.0 × 1010 L⊙) −18.64 0.73 0.16
Sb–Irr (LK > 9.0 × 1010 L⊙) −18.66 0.79 0.17
S0–Sbc (LK < 4.5 × 1010 L⊙) −16.02 1.46 0.32
S0—Sbc (LK > 4.5 × 1010 L⊙) −16.37 1.38 0.30
Sc–Irr (LK < 3.0 × 1010 L⊙) −15.42 1.12 0.25
Sc–Irr (LK > 3.0 × 1010 L⊙) −16.28 1.52 0.35

Sa–Scd (i = 0◦–40◦) −18.78 0.68 0.26 −17.06 0.64 0.32 −15.77 1.59 0.33
Sa–Scd (i = 40◦–75◦) −18.40 0.87 0.15 −16.29 0.80 0.20 −16.47 1.00 0.16
Sa–Scd (i = 75◦–90◦) −18.56 0.76 0.18 −14.73 1.49 0.59 −15.55 1.49 0.30

normal Ia −18.67 0.51 0.08
HV Ia −18.70 0.74 0.19
91T-like Ia −19.15 0.52 0.20
91bg-like Ia −17.55 0.53 0.14
Ic −16.04 1.28 0.31
Ib −17.01 0.41 0.17
Ibc-pec −15.50 1.21 0.46
II-P −15.66 1.23 0.16
II-L −17.44 0.64 0.22
IIb −16.65 1.30 0.40
IIn −16.86 1.61 0.59

a σ is the standard deviation, i.e. root-mean square (rms) of the average.
bSDOM is the standard deviation of the mean, i.e. rms/

√
N , where N is the number of measurements.

coverage for every SN II. Fortunately, these three subclasses have
rather different photometric behaviour: SNe II-P have a prominent
plateau phase, SNe II-L have a linear decline (in magnitudes) after
maximum and SNe IIb have a double-peaked light curve (Fig. 3).
Consequently, for the majority of SNe our light-curve fitting pro-
cess reports a strong preference for a certain subtype. For a few SNe
with poor light-curve coverage, the data can be fit by more than one
template light curve, and we assign equal fractional weights to the
subclasses that provide a satisfactory fit.

One surprising result from the light-curve fitting process is a
possible high fraction of SNe IIb in the SN II sample. Following
identification of the first known SN IIb, SN 1987K (Filippenko
1988), detailed studies of only a few SNe IIb have been published
in the literature. SN 1993J, the prototypical SN IIb in the nearby
galaxy M81, has been extensively studied (e.g. Matheson et al. 2000
and references therein). Another SN IIb, SN 1996cb, was studied
by Qiu et al. (1999). With the help of the ‘Supernova Identification
code’ (SNID; Blondin & Tonry 2007), some recent SNe have been
classified as SN IIb. The fraction of SN IIb within the family of
SNe II is very uncertain, but generally considered to be relatively
small.

Fig. 8 shows all the possible SNe IIb in our LF sample. Two of
the objects, SNe 2000N and 2004al, can be fit with both an SN
IIb and an SN II-L, so they are assigned 0.5 for each subclass.
Foley et al. (2004) classified SN 2004bm as a probable SN Ic

based on a low-quality spectrum. The light curve, though with
only four points, shows a distinct dip that is reminiscent of an
SN IIb. Reanalysis of the spectrum does not provide a confident
classification for the SN, so we assign 0.5 for both IIb and Ibc-
pec. The light curve of SN 2005H is rather poor. The photometric
behaviours of the other seven SNe are best matched by the template
SN IIb light curve. Considering that our template light curves are
only an average of the observations, it is conceivable that a few of
these SNe can be fit by some variations of SNe II-L (these SNe
are clearly not SNe II-P, and their spectra do not show narrow
emission components so they are also not SNe IIn); hence, the list
of SNe in Fig. 8 should be considered as an upper limit to possible
SNe IIb in the LF sample. We also note that for four of our SN IIb
candidates, there is spectroscopic confirmation of our classification:
SN 2000H (Benetti et al. 2000), SN 2003ed (Leonard, Chornock
& Filippenko 2003), SN 2005U (Leonard & Cenko 2005) and SN
2006T (Blondin et al. 2006). We consider the SN IIb classification
for these four objects to be solid, but for the rest of the SNe, we do
not have spectra to corroborate the SN IIb classification from the
light curves. Overall, we have four solid (5 per cent of all the SNe II),
or up to nine possible (12 per cent of all the SNe II), SNe IIb in our
LF sample.

The observed fractions of different subclasses of SNe can be il-
lustrated with pie charts, as shown in Fig. 9. These fractions are also
listed in the second column in Table 7. To calculate the uncertainties
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Table 6. The average absolute magnitudes of supernovae.

Ia Ibc II

Bin Mean σ a SDOMb Mean σ SDOM Mean σ SDOM

all −18.49 0.76 0.09
E–Sab −18.29 0.75 0.13
Sb–Irr −18.63 0.74 0.11
all −16.09 1.24 0.23 −16.05 1.37 0.15
S0–Sbc −15.98 0.83 0.26 −16.22 1.39 0.21
Sc–Irr −16.15 1.43 0.33 −15.88 1.34 0.20

E–Sab (LK < 11.0 × 1010 L⊙) −18.27 0.78 0.20
E–Sab (LK > 11.0 × 1010 L⊙) −18.24 0.73 0.19
Sb–Irr (LK < 9.0 × 1010 L⊙) −18.64 0.73 0.16
Sb–Irr (LK > 9.0 × 1010 L⊙) −18.66 0.79 0.17
S0–Sbc (LK < 4.5 × 1010 L⊙) −16.02 1.46 0.32
S0—Sbc (LK > 4.5 × 1010 L⊙) −16.37 1.38 0.30
Sc–Irr (LK < 3.0 × 1010 L⊙) −15.42 1.12 0.25
Sc–Irr (LK > 3.0 × 1010 L⊙) −16.28 1.52 0.35

Sa–Scd (i = 0◦–40◦) −18.78 0.68 0.26 −17.06 0.64 0.32 −15.77 1.59 0.33
Sa–Scd (i = 40◦–75◦) −18.40 0.87 0.15 −16.29 0.80 0.20 −16.47 1.00 0.16
Sa–Scd (i = 75◦–90◦) −18.56 0.76 0.18 −14.73 1.49 0.59 −15.55 1.49 0.30

normal Ia −18.67 0.51 0.08
HV Ia −18.70 0.74 0.19
91T-like Ia −19.15 0.52 0.20
91bg-like Ia −17.55 0.53 0.14
Ic −16.04 1.28 0.31
Ib −17.01 0.41 0.17
Ibc-pec −15.50 1.21 0.46
II-P −15.66 1.23 0.16
II-L −17.44 0.64 0.22
IIb −16.65 1.30 0.40
IIn −16.86 1.61 0.59

a σ is the standard deviation, i.e. root-mean square (rms) of the average.
bSDOM is the standard deviation of the mean, i.e. rms/

√
N , where N is the number of measurements.

coverage for every SN II. Fortunately, these three subclasses have
rather different photometric behaviour: SNe II-P have a prominent
plateau phase, SNe II-L have a linear decline (in magnitudes) after
maximum and SNe IIb have a double-peaked light curve (Fig. 3).
Consequently, for the majority of SNe our light-curve fitting pro-
cess reports a strong preference for a certain subtype. For a few SNe
with poor light-curve coverage, the data can be fit by more than one
template light curve, and we assign equal fractional weights to the
subclasses that provide a satisfactory fit.

One surprising result from the light-curve fitting process is a
possible high fraction of SNe IIb in the SN II sample. Following
identification of the first known SN IIb, SN 1987K (Filippenko
1988), detailed studies of only a few SNe IIb have been published
in the literature. SN 1993J, the prototypical SN IIb in the nearby
galaxy M81, has been extensively studied (e.g. Matheson et al. 2000
and references therein). Another SN IIb, SN 1996cb, was studied
by Qiu et al. (1999). With the help of the ‘Supernova Identification
code’ (SNID; Blondin & Tonry 2007), some recent SNe have been
classified as SN IIb. The fraction of SN IIb within the family of
SNe II is very uncertain, but generally considered to be relatively
small.

Fig. 8 shows all the possible SNe IIb in our LF sample. Two of
the objects, SNe 2000N and 2004al, can be fit with both an SN
IIb and an SN II-L, so they are assigned 0.5 for each subclass.
Foley et al. (2004) classified SN 2004bm as a probable SN Ic

based on a low-quality spectrum. The light curve, though with
only four points, shows a distinct dip that is reminiscent of an
SN IIb. Reanalysis of the spectrum does not provide a confident
classification for the SN, so we assign 0.5 for both IIb and Ibc-
pec. The light curve of SN 2005H is rather poor. The photometric
behaviours of the other seven SNe are best matched by the template
SN IIb light curve. Considering that our template light curves are
only an average of the observations, it is conceivable that a few of
these SNe can be fit by some variations of SNe II-L (these SNe
are clearly not SNe II-P, and their spectra do not show narrow
emission components so they are also not SNe IIn); hence, the list
of SNe in Fig. 8 should be considered as an upper limit to possible
SNe IIb in the LF sample. We also note that for four of our SN IIb
candidates, there is spectroscopic confirmation of our classification:
SN 2000H (Benetti et al. 2000), SN 2003ed (Leonard, Chornock
& Filippenko 2003), SN 2005U (Leonard & Cenko 2005) and SN
2006T (Blondin et al. 2006). We consider the SN IIb classification
for these four objects to be solid, but for the rest of the SNe, we do
not have spectra to corroborate the SN IIb classification from the
light curves. Overall, we have four solid (5 per cent of all the SNe II),
or up to nine possible (12 per cent of all the SNe II), SNe IIb in our
LF sample.

The observed fractions of different subclasses of SNe can be il-
lustrated with pie charts, as shown in Fig. 9. These fractions are also
listed in the second column in Table 7. To calculate the uncertainties
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4.2. The Postpeak Early- and Late-time Decay Rates

The light curves of H-poor SLSNe can show a change in
decay rate (e.g., Inserra et al. 2013). Here we independently
characterize the postpeak early- and late-time decay rates of
H-poor SLSNe with linear fits to the early-time and late-time
data separately. We study the early decay with a linear fit to the
rest-frame g magnitudes in a time interval between the peak
and typically 60 days after peak. In some cases, this interval
was adjusted to the data coverage, or to avoid changes of slope.
The selected time intervals and the resulting linear fits to the
data are displayed in Figures 18(a)–(e) (solid curves). We
define the late-time decay as typically beyond 60 days after
peak and characterize the decay rate with a linear fit to the data,
in the same way as we did for the early-time decay. The linear
fits to the late-time decays are displayed in Figures 18(a)–(e)
(solid curves, typically beyond 60 days after peak).

Figure 4 shows the distribution of the early-time decay
slopes (top panel) and the the late-time decay slopes (bottom
panel). SLSNe that were originally classified as sub-type R
within the PTF survey are marked separately in this figure and
compared to the rest of the sample. The original criterion
for being classified as an SLSN-R was either a slow decline
or spectral similarity with SN 2007bi, with no quantitative
threshold. We do not intend to use these criteria as a
meaningful classification, but rather to test this classification
scheme, because it is often used in the literature (e.g., Gal-Yam
2012; Inserra et al. 2017).

The decay rate of most SLSNe slows down from early to late
times. The decay rates and the times of transition from a faster
to a slower decay (the intersections between the early- and late-
time linear fits) are reported in Table 8.

4.3. Light-curve Smoothing

We smooth the SN light curves to be able to further measure
the rise and decay times more easily. We model the observed
light curves with a nonparametric model, as follows. We first fit
a first-order polynomial to the rest-frame g-band flux light
curves locally. Then, we consider a fitting interval of 5 days (at
phases until 5 days after peak), 10 days (at phases beyond 50
days after peak), and proportional to the phase (0.2 times)
otherwise. For the interpolations, we use a Gaussian smoothing
kernel that weights the fluxes according to their phase distance
to each interpolated point. The smoothing algorithm also uses
the uncertainties on the photometry to weight the data points. In
order to avoid mathematical artifacts, a few auxiliary points are
added to the observations. The light-curve smoothing algorithm
is described in more detail in Rubin et al. (2016). In a few
cases, to avoid unphysical wiggles in the smoothed light curves
for poorly sampled regions, we binned scattered data during
small time intervals. Namely, we binned the data for
PTF 10aagc between 32 and 44 rest-frame days after peak;
PTF 09cwl between 122 and 141; PTF 10vwg between 44 and
62; PTF 11rks at 55, and between 144 and 154; and PTF 12gty
between 141 and 158. We adopt the formal error on the
smoothed fluxes computed by the smoothing algorithm, and
assume a minimum uncertainty of 10% of the flux in those
cases where the formal errors are smaller.

Figure 3. Peak-magnitude distribution of the labeled types of PTF SNe for rest-
frame g absolute magnitudes. The bottom panel shows the peak-magnitude
distribution after volumetric correction (i.e., corrected for Malmquist bias).

Figure 4. Postpeak decay slope distribution at early times (typically below 60
days, top panel) and at late times (typically beyond 60 days, bottom panel). At
late times, all observed SLSNe cluster around the 56Co to 56Fe decay rate of
0.0098 mag day-1 (dotted vertical line).
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?

PTF (unbiased survey)
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Local stellar death rate: observa7onal goals

• Derive accurate luminosity func7on  
(+ light curve shape) 

• SN physics (+ progenitor) 

• Derive accurate SN rate 

• Lowest mass of core-collapse SNe 
(8-10 Msun is ~20-30 % of all massive stars)  

• Success/failure rate  
=> SN physics & remnant mass distribuEon
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Observa7onal program
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Why is the SN rate so uncertain?

1. Poor understanding of the LF and light curves of SNe  
 
A. LF at the faintest end  
    Down to which mag? Gaussian? Power law?  
 
B. Some SNe only show SBO signal?  
    Missed due to too rapid light curves 
 
(C. Some SNe even do not produce EM signals) 

2. Completeness of the survey 

A. Dust exEncEon (both ISM and CSM)
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Survey design

• Complete down to M(max) = -15 mag 

• Light curves from -13 mag 

• 100% completeness of spectroscopy 

• Sensi7ve to “rapid” objects 

• < 3 days cadence 

• Need >~ 100 objects
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Distance 
(Mpc)

Volume 
(Mpc3) # of galaxies # of SNe 

(yr-1)

mag 
(abs mag 
-15 mag)

mag 
(abs mag 
-13 mag)

10 4 x 103 40 0.4 15.0 17.0
30 1 x 105 103 10 17.4 19.4
50 5 x 105 5 x 103 50 18.5 20.5
70 1 x 106 1 x 104 100 19.2 21.2

100 4 x 106 4 x 104 400 20.0 22.0
200 3 x 107 3 x 105 3,000 21.5 23.5
500 5 x 108 5 x 106 50,000 23.5 25.5

Some numbers * Numbers for all sky

Sweet spots
Easy spectroscopy 
  Survey with m ~ 21 mag (d ~ 70 Mpc), 20,000 deg2 => 50 SNe/yr 
Large number 
  Survey with m ~ 22 mag (d ~ 100 Mpc), 20,000 deg2 => 200 SNe/yr 
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Survey Depth 
(mag)

Area 
(deg2) Cadence Distance 

(Mpc)
# of SNe 

(yr-1)

BlackGEM 21.5 10,000 2 weeks 70 25
DES 23.5 5,000 1 week 200 300

KMTNet ~21 ~6,000 1 day 70 ~15
MOA ~21 ~1,000 1 day 70 ~3
TNTS 20.0 2,000 ? 40 ~2
PTSS 20.5 4,000 1 day 50 ~5
HSC 25 800 1 day 500 1000

Tomo-e 18/19 7,000 2 hr/1 day 20/30 0.5/2
ZTF 21 23,000 3 days 70 50

21 2,000 1 day 70 5
21 6,000 2 hr 70 15

ASAS-SN 17 40,000 1 day 10 0.4
DLT40 20 600 gal 1 dat 40 6

Feasibility with ongoing transient surveys (op7cal)
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Toward complete spectroscopy

• The number of objects (< 100 Mpc) is not huge  
and they are brighter than 21 mag 

• Issue: galaxy informa7on is NOT perfect 
= we do not know if SNe are local before spectroscopy 
= Need spectroscopy of ALL the objects? 

• Synergy with massive mul7plex spectroscopy 

• Local SNe: ~ 100 (yr-1) in 20,000 deg2  
= 0.005 in 1 deg2 in total  
~ 0.001 in 1 deg2 (assuming SN is visible for 2 month) 

• All SNe: O(104) yr-1 in 20,000 deg2  
= 2.5 in 1 deg2 in total  
~ 0.5 in 1 deg2 (assuming SN is visible for 2 month)
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Kulkarni+18, SNe Ia from ASAS-SN /  NED redshiA

galaxies within our sample, we can subdivide our targets by%
or + to answer interesting questions such as, “How complete is
our understanding of% / + within the local volume”? For this
purpose, we use the 2MASS Ks-band as a proxy for% and the
GALEX NUV band for + and examine the completeness as a
function of these two parameters.

H1 & H2 took Ks-band magnitudes from 2MASS when
available; otherwise, a Ks-band mag was estimated from WISE
W1 when detected in that band (offset by a typical
Ks−W1=−0.64 mag), or (in the absence of both 2MASS
and WISE) a limit of Ks>15.6 mag was set. We employ the
same approach using their magnitude catalogs, except that for
the last group (three galaxies in catalog A1 and five in catalog
A2), we simply set Ks=15.6 mag.11

In A1, there are 77 SNe with NUV data, 5 with only SDSS ¢u
data and 9 with neither NUV nor ¢u data. In A2, the
corresponding numbers are 138, 17, and 24, respectively. We
took the sample of SNe with both NUV and ¢u data, applied the
Galactic extinction correction, and found the median of

NUV- ¢ »u 1 mag. We use the NUV data when available
and ¢u with the aforementioned offset applied otherwise. We
call this hybrid magnitude the “UV” mag. The 32 SNe with
neither NUV nor ¢u data are not included in the analysis.
For the discussion below, we note that the relevant Schechter

characteristic luminosity parameters are * = - oM 24.2 0.03Ks

(Cole et al. 2001) and * = - oM 18.23 0.11NUV (Wyder et al.
2005). Below, we examine the missing galaxies with
luminosity *>L L in both the Ks and “UV” bands. We then
isolate the sample to just Type Ia SNe to investigate missing
galaxies with *<L L .

6.1. Ks-band

The absolute Ks-band magnitude, MK ,hosts , and redshift, zhost,
of each SN Ia host galaxy in our sample is displayed in
Figure 2.12 We calculate the distance modulus to each host
using CosmoCalc (Wright 2006) and zhost, where we have
assumed W = =L

- -H0.714, 69.6 km s Mpc0
1 1, and Ωm=

0.286. The joint distribution for a host galaxy to have a
previously cataloged redshift given its redshift and M ,Ks

( )z MRCF , Ks , along with the one-dimensional probabilities,
RCF(z) and ( )MRCF Ks , are also shown in Figure 2. Details for

Figure 2. Absolute Ks-band magnitude, MK ,hosts , vs. redshift, zhost, for the host galaxies of SNe Ia in A1 and A2. Galaxies with redshift entries in NED are shown as
red pluses, while those lacking redshifts (!NEDz) are shown as teal circles. The horizontal dashed line shows *MKs

. The shaded background shows the probability of a
host galaxy having a cataloged redshift given its redshift and MKs ( ( )z MRCF , ;Ks see Appendix A for details). The top and right plots show the probability of a host
galaxy having a cataloged redshift given only its redshift, RCF(z), or ( )M M, RCFK Ks s , respectively. In these two plots, the solid lines show the median value of the
RCF, while the shaded area corresponds to the 90% bound on the RCF.

11 We note that catalog magnitudes may sometimes significantly underestimate
the total flux of extended sources due to the presence of significant flux outside
the automatically defined aperture (T. H. Jarrett et al. 2018, in preparation). We
neglect this effect in our pilot study but note that any detailed characterization
of the host population probed by nearby SNe would require careful attention to
this issue. 12 CC SNe are considered in Appendix B.
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~80 % at 100 Mpc
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DESI BGS 
(19.5)



• GaLni-IR (J ~16 AB, 25 deg2 FOV) 

• 30,000 deg2 survey => ~ 40 Mpc 

• ~15 SNe/ yr 

• PRIME (H ~ 21 AB, 1.56 deg2 FOV) 

• Targeted survey focusing on LIRG/ULIRG at < 50 Mpc 
(RA = 3h - 10h, visible from PRIME) 

• ~60 galaxies with > 1 Msun/yr => ~300 Msun/yr in total 

• ~1 SN / 3 months

Notes on NIR surveys Es7mated by Kishalay and Takashi
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• Survey for complete local SN rate 

• 21 mag - 20,000 deg2 - 1 day cadence  
=> ~50 SNe/yr at < 70 Mpc 

• ZTF public survey: 21 mag - 20,000 deg2 - 3 days 

• Need spectroscopy of all the objects 

• Incompleteness of the galaxy catalog 

• Fiber sharing with mulE-object spectroscopic survey 

• NIR survey is s7ll challenging 

• OpEcal mulE-color data helps understanding exEncEon

Summary
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ZTF Census of the Local Universe (CLU) 
survey



● Spatial cross-match of ZTF 
alerts to CLU catalog of 
nearby galaxies (< 200 
Mpc; Cook+ 18)

● Spectroscopic follow-up of 
all transients within 100” 
or 5 Reff of CLU galaxy

● Aim for volume-complete 
SN sample within 200 Mpc
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301 spectroscopically 
classified SNe so far 
within 200 Mpc



Rare transients

 CLU volume is ripe for rare faint and fast evolving transients 

Five new Ca-rich gap transients in outskirts of galaxies
More than half the total known sample of events


