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SN Power Sources

• SN shock energy -  most 
important for large-radius stars

• Radioactive nickel - most 
important for small-radius stars
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Energy deposited in SN shock
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Energy deposited in SN shock

ejected mass,
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Rapidly Fading Supernovae

Diffusion time (Arnett 
1979):

suggests a small 
ejected mass
as in some 
thermonuclear models

6 M. R. Drout et al.
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Fig. 6.— Top and Middle Rows: Bronze sample explosion en-
vironments. All images are from PS1 templates. Nearby galaxies
are labeled in red. The location of the transient is indicated by
a red cross. Bottom Row: The large scale environment around
PS1-13aea, which exploded in the region between NGC4258 and
NGC4248.

Our bronze sample is composed of four objects. These
events have light curves that were flagged by the selec-
tion criteria in Section 2.2 but for which we were unable
to spectroscopically confirm the extragalactic nature of
their hosts. The 25′×25′ region surrounding our bronze
sample is shown in Figure 6. All four transients have a
faint (25 mag < mi < 22 mag) underlying source visible
in the PS1 deep stacks, although in several cases there is
ambiguity about the true host (for instance, PS1-13aea
exploded in the region between NGC4258 and NGC4248;
see Figure 6). In Appendix A we quantify the most likely
hosts and discuss the consequences of each probable host
for the nature of these transients. We find it likely that
a subset of our bronze sample events are extragalactic,
and therefore additional rapidly-evolving and luminous
transients. However, due to the uncertainty in the dis-
tance to any individual bronze event, for a majority of
this manuscript we will focus on the properties of the
gold and silver transients.

4. PHOTOMETRIC PROPERTIES

The gold and silver events presented in this work in-
crease the number of known transients with t1/2 ! 12
days by approximately a factor of three. This is illus-
trated in Figure 7 where we plot peak pseudo-bolometric
luminosity versus t1/2 for the objects presented in this

work (red stars) and other rapid SN (red circles) in com-

Fig. 7.— The phase space of SN: peak luminosity versus rest-
frame time above half-maximum for a variety SN. The PS1-MDS
transients described in this paper are shown as red stars. They
span an order of magnitude in peak luminosity and significantly
increase the number of known transients with short characteristic
times. Other events from the literature are shown as colored cir-
cles/squares: type Ia SN (Nugent et al. 2002; Taubenberger et al.
2008; Scalzo et al. 2012), type Iax & “calcium-rich” Ia (Foley et al.
2013; Kasliwal et al. 2012; Perets et al. 2010), type Ib/Ic
(Drout et al. 2011; Valenti et al. 2008; Campana et al. 2006;
Taubenberger et al. 2006; Bersten et al. 2012; Olivares et al. 2012;
Cobb et al. 2010; Valenti et al. 2012), type IIP/IIL (Arcavi et al.
2012; Hamuy 2003; Andrews et al. 2011; Botticella et al. 2009),
type IIn (Kiewe et al. 2012; Margutti et al. 2014), type I
SLSN (Quimby et al. 2011; Chomiuk et al. 2011; Lunnan et al.
2013), and other rapidly-evolving events (red; Drout et al. 2013;
Kasliwal et al. 2010; Poznanski et al. 2010; Ofek et al. 2010;
Matheson et al. 2000).

parison to type Ia, Ia-x, “Calcium-rich” Ia, Ib/c, IIn,
IIP, and type-I SLSN (see caption for references). The
sample of PS1-MDS transients significantly increases the
population of known objects at the shortest timescales
and spans a wide range of peak luminosities. In the this
section we discuss the photometric properties of the PS1-
MDS identified transients.

4.1. Timescales

In Table 4 we summarize the photometric proper-
ties of the gold/silver transients, including their ob-
served/absolute magnitudes and several measurement
of their rise and decline timescales. The t1/2,rise and
t1/2,decline timescales as well as the number of magni-
tudes the light curves decline in the first 15 days post-
maximum (∆m15) were determined by linearly interpo-
lating our observed light curve20. All values are deter-
mined with respect to the time of observed maximum,
and are therefore influenced by the three day cadence in
each band. However, this should not strongly affect our
qualitative assessment of these objects. The quoted rise
time values encompass the entire range of values permit-
ted by the observed photometry/limits in each band.

20 Uncertainties were estimated using a Monte Carlo approach
to produce 1000 realizations of our light curve, drawing from the
uncertainties from of each data point.

Drout et al. 2014
?
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Figure 1. Left: phase space of cosmic explosive transients. The color for each event represents the color at peak brightness. The band to the top right denotes supernovae
of type Ia. The fastest such event is SN 2007ax (Kasliwal et al. 2008). Classical novae occupy a band between −6 and −10 mag. Note that the only two transients
with a timescale shorter than 10 days are SN 2010X (PTF 10bhp) and SN 2002bj. Right: the multi-band optical light curve of SN 2010X (colored circles; green is g
band, red is r band, orange is i band). Three white-light measurements have been calibrated to r band and denoted by red circles with blue outline. Downward arrows
represent upper limits. All light curves are normalized and shifted so that the peak magnitude is zero and the time at peak is set to zero. For SN 2010X, the epoch of
maximum light is at MJD of 55239.5. The fast evolution of SN 2010X is compared to the current recordholder for fast supernovae, SN2002bj (gray triangles;
r band; Poznanski et al. 2010). Also shown is a prototypical “fast” Type Ic supernova, SN1994I (dashed line; Richmond et al. 1996) and templates
(http://supernova.lbl.gov/∼nugent/nugent_templates.html) of the fast Type Ia SN1991bg and slow Type Ia SN1991T (Nugent et al. 2002). Note the rapid rise
and the spectacular decay of SN 2010X and SN 2002bj relative to the other Type I exemplars.
(A color version of this figure is available in the online journal.)

2. DISCOVERY

On UT 2010 February 7.07, D. Rich of Hampden, Maine dis-
covered a transient in the galaxy NGC 1573A at R.A.(J2000) =
04h48m27.s7 and decl.(J2000) = +73◦28′13′′. The discovery was
confirmed by P. Burke of Pittsfield, Maine, upon which a noti-
fication was issued (CBET 2166; Rich & Burke 2010) and the
transient dubbed SN2010X. On UT 2010 February 19.13, the
PTF independently detected this same transient and the pipeline
assigned the name, PTF 10bhp. PTF had previously undertaken
observations of this field (as a part of the dynamic-cadence
experiment) on January 11, 17, and 25 but with no detection.

3. OPTICAL LIGHT CURVE

Energized by the apparent rapid fading, we initiated follow-
up observations. The photometric observations from the 2 m
Faulkes North Telescope (FTN) of the Las Cumbres Observatory
Global Telescope (LCOGT), PTF, the Palomar Hale 200 inch
telescope (P200) as well as white-light observations provided by
our amateur astronomer colleagues are summarized in Figure 1.

SN 2010X is located close to the nucleus of its host galaxy
(4.′′4E, 6.′′0N) and as such galaxy light subtraction is critical to
produce reliable photometry. The images were subtracted from a
template image using the software hotpants and wcsremap to
measure a convolution kernel and align the images, respectively
(both codes supplied by A. Becker18). Aperture photometry was
performed on each of these in a self-consistent manner using the
same set of 22 calibration stars. Conversions from USNO-B1
magnitudes to Sloan Digital Sky Survey (SDSS) gri magnitudes
were done adopting Jordi et al. (2006). The resulting light curve
is plotted in Figure 1.

Overplotting SN 2002bj, we find that light curves of the two
supernovae are remarkably similar. Linearly fitting all the r band
detections post-maximum light, we measure that SN 2010X de-
cayed by 0.23 ± 0.01 mag day−1. The corresponding exponen-
tial timescale (in the r band) is τd = 4.7 ± 0.2 days.

18 http://www.astro.washington.edu/users/becker/c_software.html
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Figure 2. Spectroscopic follow-up of SN 2010X by MDM, Gemini, Keck, and
Palomar Observatories. The phase of the spectra relative to maximum light is
labeled. Note the velocity evolution. Also shown is a spectrum of SN 2002bj
(Poznanski et al. 2010).

The foreground Galactic extinction along the line of sight is
E(B − V) = 0.146 or Ar = 0.4 (Schlegel et al. 1998). The redshift
of NGC 1573A is 0.015. Assuming standard cosmology (and
h0 = 0.72), we adopt a distance of 62.5 Mpc and a distance mod-
ulus of 34.0. Thus, the peak absolute magnitude of SN 2010X
is Mr ≈ −17.0 mag, 1.5 mag less luminous than SN2002bj.

Kasliwal et al. 2010

Kleiser & Kasen 2014



Connecting SNe to 
Their Progenitors

+

light curves & spectra
(SEDONA)

ejecta models
(in-house hydro code)

progenitor models
(MESA)



Rapidly Fading Supernovae

+

shock cooling light 
curve with no 
radioactive tail

shock cooling only,
 no nickelstripped massive star



What We Need for This Model

• Little or no radioactive material ejected

• Large (effective) pre-supernova radius



Hiding Radioactive Nickel



Large Presupernova Radii

See e.g. Quataert & Shiode 2012
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Collision with Shell/Envelope
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Collision with Shell/Envelope
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A Self-Consistent Model?
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Fig. 6.— Top and Middle Rows: Bronze sample explosion en-
vironments. All images are from PS1 templates. Nearby galaxies
are labeled in red. The location of the transient is indicated by
a red cross. Bottom Row: The large scale environment around
PS1-13aea, which exploded in the region between NGC4258 and
NGC4248.

Our bronze sample is composed of four objects. These
events have light curves that were flagged by the selec-
tion criteria in Section 2.2 but for which we were unable
to spectroscopically confirm the extragalactic nature of
their hosts. The 25′×25′ region surrounding our bronze
sample is shown in Figure 6. All four transients have a
faint (25 mag < mi < 22 mag) underlying source visible
in the PS1 deep stacks, although in several cases there is
ambiguity about the true host (for instance, PS1-13aea
exploded in the region between NGC4258 and NGC4248;
see Figure 6). In Appendix A we quantify the most likely
hosts and discuss the consequences of each probable host
for the nature of these transients. We find it likely that
a subset of our bronze sample events are extragalactic,
and therefore additional rapidly-evolving and luminous
transients. However, due to the uncertainty in the dis-
tance to any individual bronze event, for a majority of
this manuscript we will focus on the properties of the
gold and silver transients.

4. PHOTOMETRIC PROPERTIES

The gold and silver events presented in this work in-
crease the number of known transients with t1/2 ! 12
days by approximately a factor of three. This is illus-
trated in Figure 7 where we plot peak pseudo-bolometric
luminosity versus t1/2 for the objects presented in this

work (red stars) and other rapid SN (red circles) in com-

Fig. 7.— The phase space of SN: peak luminosity versus rest-
frame time above half-maximum for a variety SN. The PS1-MDS
transients described in this paper are shown as red stars. They
span an order of magnitude in peak luminosity and significantly
increase the number of known transients with short characteristic
times. Other events from the literature are shown as colored cir-
cles/squares: type Ia SN (Nugent et al. 2002; Taubenberger et al.
2008; Scalzo et al. 2012), type Iax & “calcium-rich” Ia (Foley et al.
2013; Kasliwal et al. 2012; Perets et al. 2010), type Ib/Ic
(Drout et al. 2011; Valenti et al. 2008; Campana et al. 2006;
Taubenberger et al. 2006; Bersten et al. 2012; Olivares et al. 2012;
Cobb et al. 2010; Valenti et al. 2012), type IIP/IIL (Arcavi et al.
2012; Hamuy 2003; Andrews et al. 2011; Botticella et al. 2009),
type IIn (Kiewe et al. 2012; Margutti et al. 2014), type I
SLSN (Quimby et al. 2011; Chomiuk et al. 2011; Lunnan et al.
2013), and other rapidly-evolving events (red; Drout et al. 2013;
Kasliwal et al. 2010; Poznanski et al. 2010; Ofek et al. 2010;
Matheson et al. 2000).

parison to type Ia, Ia-x, “Calcium-rich” Ia, Ib/c, IIn,
IIP, and type-I SLSN (see caption for references). The
sample of PS1-MDS transients significantly increases the
population of known objects at the shortest timescales
and spans a wide range of peak luminosities. In the this
section we discuss the photometric properties of the PS1-
MDS identified transients.

4.1. Timescales

In Table 4 we summarize the photometric proper-
ties of the gold/silver transients, including their ob-
served/absolute magnitudes and several measurement
of their rise and decline timescales. The t1/2,rise and
t1/2,decline timescales as well as the number of magni-
tudes the light curves decline in the first 15 days post-
maximum (∆m15) were determined by linearly interpo-
lating our observed light curve20. All values are deter-
mined with respect to the time of observed maximum,
and are therefore influenced by the three day cadence in
each band. However, this should not strongly affect our
qualitative assessment of these objects. The quoted rise
time values encompass the entire range of values permit-
ted by the observed photometry/limits in each band.

20 Uncertainties were estimated using a Monte Carlo approach
to produce 1000 realizations of our light curve, drawing from the
uncertainties from of each data point.

Drout et al. 2014

?

RFSNe have ~4-7% 
of core-collapse rate

if these are massive 
ejections, they can 

impact the evolution 
of their galaxies



Summary

• Rapidly fading supernovae represent a new class of relatively poorly 
understood astronomical transients

• We found that a large ejected mass may be needed

• We explore explosions of massive stars in which little or no radioactive 
material is present in the ejecta

• To get nickel-free supernovae this bright would require large pre-supernova 
radii

• Model results show that certain mass ranges of helium stars can naturally grow 
to large radii and produce rapidly fading supernovae



Thank you!

Sterl Phinney Dan Kasen
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Figure 4. Shown above is the radioactive luminosity (solid line) and absorbed
luminosity (dashed line) for the following model parameters: Mej = 0.16 M⊙,
MNi = 0.02 M⊙, and v = 109 cm s−1. Also shown is a quasi-bolometric light
curve of SN 2010X estimated by (a) computing νFν in r band (empty circles are
detections and inverted triangles are upper limits), and (b) integrating the optical
spectrum (filled circles). Also shown is a comparison to a “.Ia” light curve (red
dotted line; Shen et al. 2010) assuming: Mwd = 1.2 M⊙, Menv = 0.02 M⊙,
Mej = 0.017 M⊙, MFe = 0.003 M⊙, MNi = 0.002 M⊙, MCr = 0.001 M⊙.
(A color version of this figure is available in the online journal.)

5.2. Radioactivity-powered Explosion

The next level of models is that developed for SNe Ia
explosions, where the peak luminosity and subsequent decay
is governed by radioactive material present in the ejecta. In this
model, expansion decreases the store of internal energy whereas
radioactivity increases it. If the photon diffusion timescale is
long, most of the radioactive energy goes into expansion. Once
the diffusion timescale becomes smaller than the expansion
timescale, the light curve tracks the radioactive luminosity
(Arnett 1982), provided that there is sufficient optical depth for
the γ -rays emitted during radioactive decay to undergo multiple
scatterings and lose their energy to electrons.

The primary source of luminosity in an SN Ia model is the
heat provided by γ -rays emitted as 56Ni decays to 56Co and
then to 56Fe. In SNe Ia, the column density of the ejecta is thick
enough to trap the γ -rays and successive Compton scatterings
extract energy from the γ -rays (at least for the first month).
However, given the small ejecta mass for SN 2010X, attention
has to be paid to the possibility that γ -rays from decaying nuclei
may escape without depositing their energy into the ejecta.

The electron (Thompson) optical depth is

τe = neRσT = 3
4π

Mej

mp

Z

A

σT

R2

∼9
!

Mej

0.16 M⊙

" !
t

15 day

"−2

, (1)

where Z is the atomic number, A is the mass number, mp is
mass of proton, σT is the Thompson cross-section, and R ∼
6(t/day) AU is the radius at time t.

Thus, there appears to be sufficient optical depth at the
epoch of peak luminosity to trap most of the γ -rays. Thus,
for SN 2010X, the peak luminosity of 1042 erg s−1 corresponds
to 56Ni mass of about 0.02 M⊙—a very small amount by
the standards of most supernovae. For SN 2002bj, the peak
luminosity was 1043 erg s−1 (Poznanski et al. 2010) and the
inferred 56Ni mass was correspondingly larger, 0.2 M⊙.

Next, we use a fitting formula (as given in Kulkarni 2005,
Equation (47)) to estimate the fraction of γ -rays which are

Figure 5. Left: R-band image of NGC 1573A, the host of SN 2010X, taken with
the Large Format Camera on the Palomar 200 inch telescope. Right: sum of all
available Deepsky (Nugent 2009; we note that the six photons in the XRT HPD
PSF of 0.′′3 are likely from the galaxy nucleus) images of NGC1821, the host of
SN2002bj.
(A color version of this figure is available in the online journal.)

effectively absorbed inside the ejecta, η(τe). The kinetic energy
of positrons (3.5% of LCo; Sollerman et al. 2002) dominates
by day 51. Hence, the radiated luminosity, Lrad = (0.965η +
0.035)LCo + ηLNi, where LNi is the radioactive power released
by the decay of 56Ni and LCo by the daughter 56Co. In Figure 4,
we display the luminosity due to radioactivity and that actually
trapped in the ejecta—the latter shows a satisfactory agreement
with the observations.

5.2.1. Possible X-ray Signature

An optically thin ejecta opens up the possibility of detecting
the γ -rays (or degraded hard X-rays) emitted during β-decay.
The Swift Observatory observed SN 2010X for 9758.7 s on MJD
55248.775 (9 days past peak). We constrain the X-ray flux to
be less than 0.00050 counts s−1 or 7.7×1039 erg s−1. By this
epoch, our model shows that Lγ ∼ 1041 erg s−1. Since photon
number is conserved in scattering, the luminosity in the Swift
band is expected to be a factor of 200 smaller and hence, the
upper limit is not constraining.

6. ENVIRONMENT

The host of SN 2010X, NGC 1573A, is a small (1.′′6 diameter),
spiral galaxy variously classified as Sb (UGC) and SABbc
(RC3). The host of SN 2002bj, NGC 1821, is a small (1.′′1
diameter), barred irregular galaxy classified as IB(s)m. Both
transients occurred close to the galaxy nucleus—2.3 kpc for
SN 2010X and 1.8 kpc for SN 2002bj. In Figure 5, we show the
location of the supernovae in deep images of the galaxy.

7. CONCLUSION

To summarize, SN 2010X is the second member of a
class of supernovae that declines exponentially on timescales
shorter than 5 days. Relative to SN 2002bj, SN 2010X is less
luminous by 1.5 mag (MR ≈ −17) and has higher velocities
(10,000 km s−1) by more than a factor of two. Both events have
a small inferred ejecta mass. Both events are spectroscopically
different from any other type I supernovae. The spectra for both
supernovae can be modeled with mostly similar elements (C, O,
Mg, Si, Ti, and Fe). The evidence (or lack thereof) for helium is
not conclusive in both cases.

If SN 2010X is powered by radioactive 56Ni, the combination
of a rapid rise time and low peak luminosity constrains the
Nickel mass to be small, 0.02 M⊙. 56Ni constitutes ≈13%
of ejecta. However, under the same assumptions, 56Ni would

Hosts of SN 2010X (left) and SN 2002bj 
(right) are both star-forming galaxies and 

do not constrain the progenitors
Kasliwal et al. 2010



SN 2010X Model Spectrum
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Problems with  
the “.Ia” Model
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• With little or no nickel, 
luminosity comes from 
diffusion of thermal energy 
deposited in the explosion 
shock

• Analogous to a Type II 
“plateau”

• O recombination allows 
radiation to be released 
more rapidly

(see Ensman & 
Woosley 1988, Dessart 
et al. 2011)

Helium Plateau 
SNe



Model Light Curves
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Degeneracy & Model Grids
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Adding a Toy Mass Shell
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Model Light Curves
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Example Spectrum: 2010X
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Parameter Study: Peak Luminosity
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Parameter Study: Thermal Energy
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Analytical Estimates
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Analytic Fits
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Large-Radius He Stars
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A Self-Consistent Model?
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Deficiency of High-Mass Stars
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Figure 4. Mass ranges implied by the observed fractions of SN types in a standard single-star evolutionary framework, where higher initial masses lead to
higher mass-loss rates, and consequently greater stripping of the H and He envelopes. MIbc ≈ 22 M⊙ is the dividing point above which stars must fully shed
their H envelopes in this scenario.

above. A few SNe IIn appear to have progenitors with initial masses
of at least 50–80 M⊙, whereas Fig. 4 requires that no stars above
22 M⊙ retain any H envelopes at core collapse.

(3) Similarly, recent identifications of yellow supergiants as SNe
II-L progenitors place them at the upper extreme of the range al-
lowed for SNe II, or even above 22 M⊙. Masses inferred for the
SNe II-L 2009kr and 2009hd are 18–24 M⊙ and 20–25 M⊙, re-
spectively (Elias-Rosa et al. 2010b; 2010c).

(4) Most importantly, there are far too many observed SNe Ibc,
requiring that all stars above 22 M⊙ completely shed their H en-
velopes, whereas the expected value MWR is roughly 35 M⊙. Even
at solar metallicity, stars below MWR do not have sufficiently high
mass-loss rates to shed their H envelopes – certainly not through
metallicity line-driven winds or RSG winds, and probably not
through LBV eruptions either. The known initial mass range for
most nearby WR stars accounts for only half the SN Ibc population.

We regard this disagreement as strong evidence that standard
single-star evolution with mass-loss simply cannot account for the
observed distribution of SNe types, and that binary RLOF is there-
fore needed to account for at least half of the SN Ib/Ic population,
possibly most of it (this is the next case discussed below).

Introducing the hypothesis that some stars collapse directly to
BHs without making a visible SN does not help. If we assume
that the most massive stars collapse to BHs (with >40 M⊙, for
example; Fryer 1999), then it pushes the dividing mass between SNe
II and SNe Ibc to even lower values, making the problem worse.
It would also push the upper mass for SN II-P progenitors even
lower, causing an even worse discrepancy with direct progenitor
mass estimates. A partial solution relying on BHs would require
a finely tuned or carefully chosen set of intermediate mass ranges
for BHs, but it is still unsatisfactory (i.e. assuming that stars of,
say, 20–30 M⊙ initial mass collapse to BHs could bring the mass
range of SNe Ibc into better agreement with MWR, but it would
worsen the problem in points 1–3 above). Direct SN-less collapse
to a BH may nevertheless be a possibility. Better constraints on the

disappearance of stars without SNe are needed (e.g. Kochanek et al.
2008).

4.2 Dominated by close binaries #1

An alternative to single-star mass-loss is that mass ejection or mass
transfer via RLOF in interacting binaries plays a dominant role in
stripping away the H envelope for a significant fraction of SN pro-
genitors. This binary hypothesis for explaining WR stars and SNe
Ibc has been around longer (Paczyński 1967) than the idea that
stellar winds of single stars remove the H envelope (Conti 1976).
Several studies of the effects of binary RLOF on massive star evolu-
tion have been conducted (e.g. Podsiadlowski et al. 1992; Wellstein
& Langer 1999; Vanbeveren, Van Bever & Belkus 2007; Eldridge
et al. 2008). It has been difficult to confirm or refute the idea that
binary RLOF dominates the removal of the H envelopes in massive
stars because of uncertainties in the binary fraction as a function of
initial mass (see Kobulnicky & Fryer 2007) and the large number of
free parameters in binary models. Also, until very recently (when
mass-loss rates of hot stars have been revised downwards), single-
star evolution seemed to provide a sufficiently plausible alternative.
We argue here that low mass-loss rates of single stars combined
with the large SN Ibc fraction now demand that binary RLOF plays
a dominant role for a large fraction of SNe Ibc.

Fig. 5 shows a simplified scenario that is radically different from
Fig. 4. It represents the other extreme where, instead of assuming
that all stars shed their H envelopes via their own winds in single-star
evolution, we adopt the opposite premise that all SNe Ibc have lost
their H envelopes via RLOF in binary systems (following Filippenko
1991; Podsiadlowski et al. 1992; Fryer, Burrows & Bez 1998; Fryer,
Woosley & Hartmann 1999; Kobulnicky & Fryer 2007; Eldridge
et al. 2008). To create Fig. 5, we simply assumed that the observed
fraction of SNe Ibc, ∼26 per cent, is identical to the fraction of
massive stars that lose their H envelopes in RLOF, and that the
remaining H-bearing SNe are distributed across the full mass range.
We of course do not know the binary frequency as a function of
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a binary system (Podsiadlowski et al. 1993; Aldering et al. 1994;
Maund et al. 2004; Maund & Smartt 2009).

Fig. 6 shows how the IMF could be divided according to observed
SN fractions if we assume that all ‘stripped-envelope SNe’, now
including SNe IIb along with SNe Ibc, arise from binary RLOF.
Including SNe IIb as binary systems has three main consequences
compared to the Binary #1 scenario.

(1) The fraction of all CCSNe progenitors that lose their H en-
velopes through binary RLOF is higher, at ∼37 per cent instead
of ∼26 per cent. Note that both the cases Binary #1 and #2 imply
rather high binary fractions, as the stripped-envelope progenitors
are mainly the mass losers in RLOF binary systems, but the implied
close binary fraction is within reason (see Kobulnicky & Fryer
2007).

(2) The upper mass bound for SN II-P progenitors is shifted to
higher masses (23.6 M⊙). This upper bound is somewhat trou-
blesome, as it exceeds the 95 per cent confidence upper limit of
21 M⊙ derived from the properties of SN II-P progenitors
(Smartt et al. 2009).

(3) Most significantly, the mass range for SNe Ib shifts to higher-
mass progenitors than in the Binary #1 scenario. Assuming that
progenitors of SNe Ib are less massive than SNe Ic in the Binary
#1 scenario would imply that SNe Ib arise from initial masses of
8.5–12.4 M⊙; as noted above, this is low and quite narrow. If we
assume the same for the Binary #2 hypothesis, but also add the
assumption that SNe IIb, in turn, are less massive than SNe Ib, then
the corresponding ranges of initial masses would be 8.5–11 M⊙
for SNe IIb, 11–16 M⊙ for SNe Ib and >16 M⊙ for SNe Ic. This
is an improvement over the Binary #1 scenario in that it pushes the
dividing mass between SNe Ib and Ic to higher masses, although
16 M⊙ still seems quite low for WR stars that we expect to shed
their own He envelopes via line-driven winds. This is remedied in
the ‘hybrid’ scenario discussed next. An important caveat is that
the monotonic transition SNe IIb → Ib → Ic with increasing initial
mass is probably not strict, as it also depends on initial binary
separation (i.e. very close binaries can remove all of the H and even
He layers in RLOF). Thus, SNe IIb could extend to higher masses

than 11 M⊙ if they arise in relatively wide binaries, for example
(see below).

By dividing SN types into two different and distinct channels
corresponding to single stars and binaries, the Binary #2 hypothesis
has the appealing quality that it provides a natural continuity in
SN types within each channel, which is lacking otherwise. With
increasing levels of envelope stripping due to RLOF followed by
WR wind mass-loss, the binary channel gives SNe IIb → Ib →
Ic. There may be a continuum of SN progenitors with different
levels of envelope stripping, probably corresponding to increasing
initial metallicity or luminosity. Thus, a small amount of residual
H separates SNe IIb and Ib (e.g. Elmhamdi et al. 2006; Chornock
et al. 2010), whereas a small difference in He mass may separate
SNe Ib from Ic.

In the Binary #2 hypothesis, there is also now a natural conti-
nuity in the single-star channel, giving SNe II-P → II-L → IIn
with increasing initial mass and pre-SN mass-loss, and without the
puzzling ambiguity between the origins of SNe IIb and II-L. The
few direct detections of progenitors that are available support
the notion that the progenitors of SNe II-L are more massive than
those of SNe II-P (Elias-Rosa et al. 2010b,c), and that progenitors
of SNe IIn are more massive than SNe II-L (Gal-Yam & Leonard
2009; Smith et al. 2011). The same is true for levels of CSM in-
teraction: SNe II-P tend to have extremely weak or undetectable
CSM interaction signatures, SNe II-L tend to have stronger radio
and X-ray emission (Sramek & Weiler 1990), and their Hα pro-
files with weak P-Cygni features are thought to arise from heating
of the SN ejecta by CSM interaction (e.g. Chugai 1991). SNe IIn
obviously have the strongest levels of CSM interaction, but there
is wide diversity even among the subclass, with the faintest SNe
IIn like SN 2005ip looking basically like an SN II-L with strong
narrow emission lines (Smith et al. 2009b), whereas the CSM is
opaque and qualitatively changes the SN in more luminous SNe IIn
such as SN 2006tf and SN 2006gy (Smith et al. 2008b). The full
range for SNe IIn (34–150 M⊙) encompasses the most luminous
RSG that may be responsible for the fainter SNe IIn (Smith et al.
2009a; see also Yoon & Cantiello 2010), intermediate cases of SNe

Figure 6. Same as Fig. 5, except that we have included SNe IIb in the same group with SNe Ibc, all of which are assumed to have their envelope stripping
dominated by RLOF in close binary systems.
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have chosen the fraction of SNe Ic to be a little larger in order to
precisely match the upper mass range for SNe II-P.

(2) The mass range of SNe II-L, albeit narrow, is entirely consis-
tent with known progenitors of this class mentioned earlier.

(3) Fig. 7 allows SNe IIn to arise from among the most massive
stars, consistent with their hypothesized LBV or pulsational pair
instability progenitors. As in the Binary #1 and #2 scenarios, it
provides for the apparent continuity in pre-SN mass-loss from SNe
II-P to II-L to IIn. The initial mass range of SNe IIn progenitors is
roughly 23–150 M⊙, commensurate with the known initial mass
range of LBVs (Smith et al. 2004). We show an alternative version
of a hybrid scenario in Fig. 8, wherein we separate SNe IIn and
single-star SNe Ic by mass, instead of dividing them half-and-half
across all single-star masses above 23 M⊙. This is very similar in
principle to the original standard single-star hypothesis (Fig. 4), but
with SNe IIb, Ib and some Ic now excluded as binaries. In Fig. 8,
the dividing mass between SNe IIn and single-star SNe Ic is
∼36 M⊙. This has the advantage that classical LBV eruptions
above this mass can account for the mass-loss to produce SNe Ic,
but it has the disadvantages that it does not allow SNe IIn to arise
from the most massive stars, and it does not allow for other factors
like luminous SNe IIn preferring low metallicity, or rapid rotation
working across a range of masses. For these reasons, we tend to
favour Fig. 7 over Fig. 8, but the truth may be somewhere in be-
tween. Differentiating between these two possibilities is difficult,
since we do not yet know how to distinguish single-star from binary
SNe Ic.

(4) As in the Binary #2 scenario, SNe IIb arise in binaries, con-
sistent with the progenitor of SN 1993J (see above). The initial
mass range of SN IIb progenitors in this scenario, if they occupy
the low-mass end of RLOF binaries, would be 8.5–12 M⊙. This
is admittedly quite low, and perhaps lower than expected for the
progenitors of SN 1993J (∼15 M⊙; Young et al. 2006) and the SN
IIb that gave rise to Cas A (Krause et al. 2008; Rest et al. 2008),
given the strong N enrichment in its CSM (Chevalier & Kirshner
1978; Fesen & Becker 1991; Chevalier & Oishi 2003). An alterna-

tive interpretation may be that initial rotation rates, metallicity or
especially binary separation also play a role here, so that some of the
SN IIb and SN Ib progenitors overlap in mass range up to 25 M⊙
depending on these conditions. The wider mass range would allow
more diversity in the progenitors of SNe IIb, consistent with the ex-
pectations of Chevalier & Soderberg (2010). Still, studies thus far
have revealed no surviving companion star for Cas A (Thorstensen,
Fesen & van den Bergh 2001; Krause et al. 2008), so there may be
exceptions where some massive single stars produce SNe IIb as well.
On the other hand, we note that Podsiadlowski et al. (1992) expect
cases where the original secondary star that gains mass in RLOF
may experience accelerated evolution and explode first, leaving a
widowed SN IIb or SN Ib progenitor to explode as an apparently
single stripped-envelope star. Perhaps something like this occurred
in Cas A.

(5) The hybrid scenario gives an appealing explanation for the
tiny observed differences between SNe IIb and Ib (Elmhamdi et al.
2006; Chornock et al. 2010), as in the Binary #2 scenario. The ini-
tial masses corresponding to SNe Ib (and SNe Ibc-pec) would then
be roughly 12–25 M⊙. These are massive stars in binaries whose
winds can get rid of the remaining H, but are not strong enough to
fully remove the He envelope, probably because they are underlu-
minous after RLOF. The SNe Ib progenitors likely correspond to a
population of lower luminosity, early-type WN stars that are diffi-
cult to detect next to their overluminous mass-gainer companions.
Perhaps these post-RLOF systems would appear as peculiar Be or
B[e]-like stars (mainly due to their overluminous H-rich compan-
ions) in nearby galaxies, likely showing signs of asymmetric CSM.

(6) It retains the quality that SNe Ic will still trace the most
massive stars, especially those at higher metallicity, whether they
arise from binaries or single stars. It also gives two different channels
for making SNe Ic, perhaps providing an avenue for explaining the
diversity among SNe Ic (i.e. normal versus broad-lined SNe Ic).
This is an important point beyond the scope of this paper, but Fig. 7
suggests some interesting possibilities. Even some broad-lined SNe
Ic, however, appear to arise from only moderately massive stars,

Figure 8. This is virtually the same as Fig. 7, except that the SNe IIn and single-star SNe Ic are not divided equally across the range of masses; instead,
the SNe IIn occupy lower masses than single-star SNe Ic. For equal fractions, the dividing mass between SNe IIn and single-star SNe Ic would need to be
∼37 M⊙.
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Frequency of Binarity
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three-quarters of our binaries have measured or-
bital properties, which allowed us to directly mod-
el the orbital parameter distributions. (iii) The
orbital properties cover the full range of periods
and mass ratios relevant for binary interaction.
Thus, we are better equipped to draw direct con-
clusions about the relative importance of various
binary interaction scenarios.

We find an intrinsic binary fraction of fbin =
0.69 T 0.09, a strong preference for close pairs
(p = –0.55 T 0.2), and a uniform distribution of
the mass ratio (k = –0.1 T 0.6) for binaries with
periods up to about 9 years. Comparison of the
intrinsic, simulated, and observed cumulative dis-
tributions of the orbital parameters shows that
observational biases are mostly restricted to the
longest periods and the most extreme mass ra-
tios (Fig. 1).

Compared with previous works, we find no
preference for equal-mass binaries (22).We obtain
a steeper period distribution and a larger fraction
of short period systems than previously thought
(9–14, 23), resulting in a much larger fraction of
systems that are affected by binary evolution.

Because star-cluster dynamics and stellar evo-
lution could have affected the multiplicity prop-
erties of only very few of the young O stars in
our sample (see supplementary text A.2), our
derived distributions are a good representation
of the binary properties at birth. Thus, it is safe
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Fig. 1. Cumulative number distributions of logarithmic orbital periods (left) and mass ratios (right) for
our sample of 71 O-type objects, of which 40 are identified binaries. The horizontal solid lines and the
associated dark green areas indicate the most probable intrinsic number of binaries (49 in total) and its
1s uncertainty, corresponding to an intrinsic binary fraction fbin = 0.69 T 0.09. The horizontal dashed
lines indicate the most probable simulated number of detected binaries (40 T 4), which agrees very well
with the actual observed number of binaries (40 in total). Crosses denote the observed cumulative
distributions for systems with known periods (34 in total) and mass ratios (31 in total). The lower
dashed lines indicate the best simulated observational distributions and their 1s uncertainties, corre-
sponding to intrinsic distributions with power-law exponents p = –0.55 T 0.22 and k = –0.10 T 0.58,
respectively. The lower solid lines and associated dark blue areas indicate the most probable intrinsic
number distributions and their errors. The latter were obtained from a combination of the uncertainties
on the intrinsic binary fraction and on the power-law exponents of the respective probability density
functions. d, days.

Fig. 2. Schematic representa-
tion of the relative importance
of different binary interaction
processes given our best-fit bi-
nary fraction and intrinsic distri-
bution functions. All percentages
are expressed in terms of the frac-
tion of all stars born as O-type
stars, including the single O stars
and the O stars in binaries, either
as the initially more massive
component (the primary) or as
the less massive one (the second-
ary). The solid curve gives the
best-fit intrinsic distribution of
orbital periods (corresponding to
p = –0.55), which we adopted
as the initial distribution. For the
purpose of comparison, we nor-
malized the ordinate value to
unity at the minimum period
that we considered. The dotted
curve separates the contributions
from O-type primary and second-
ary stars. The colored areas indi-
cate the fractions of systems that
are expected to merge (red), ex-
perience stripping (yellow), or
accretion/common envelope evo-
lution (orange). Assumptions and
uncertainties are discussed in
the text and in supplementary
text C. The pie chart compares
the fraction of stars born as O stars that are effectively single [i.e., single (white) or in wide binaries with little or no interaction effects (light green)—29%
combined] with those that experience significant binary interaction (71% combined).
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SN 2015U He Narrow Lines

8 Shivvers et al.

4000 5000 6000 7000 8000
5HsW WavHlHngWK (Å)

)
λ
 +

 C

C
a
 K

C
a
 +

+
δ

+
γ

+
H
 I

N
 I

II
C

 I
II

+
H
 I

I
+
β

+
H
 I

+
H
 I

N
 I

I

+
H
 I

N
 I

I
+
α

+
H
 I

+
H
 I

N
 I

I
+

H
 I

−1. 9 days

+0. 1 days

+3. 1 days

+6. 1 days

+6. 3 days

+7. 0 days

+9. 1 days

Figure 5. The spectral sequence of SN 2015U after dereddening to correct for MW dust absorption and the (uncertain) host absorption.
Phases are listed relative to the V-band peak brightness. We have masked regions of our low-resolution spectra where the host’s narrow
emission lines dominate, but we do not mask the Na ID absorption features from the MW and the host.

Figure 6. The evolution of the He I �5876 (left) and �7065 (right) lines. The spectra increase in time downward on the plot as in Figure 3.
The rest wavelength of each line is shown with a dotted line and the absorption component is marked at a blueshift of v = 789 km s�1 (the
mean blueshift of He I lines measured from our DEIMOS spectrum). In the left panel we also mark the host and MW Na ID absorption
features (see §3.2.4 for a discussion of the host galaxy’s remarkable Na ID absorption complex).
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Figure 11. The KAIT and Nickel light curves (top) and colour
curves (bottom) of SN 2015U, after correcting for MW dust ab-
sorption and host absorption. Nickel data are shown with dia-
monds and KAIT data with circles, and the dates of our spectral
observations are indicated in the top panel with dashed vertical
lines. Host-galaxy contamination becomes significant in our KAIT
photometry around +10 d, and so we only show the Nickel data
beyond that date in the lower panel (we include all data in the
upper panel). We apply vertical o↵sets to every passband except
R in the top panel, to enable comparisons.

are not deep upper limits constraining the explosion date
further. SN 2015U rose quite rapidly, so we adopt a tentative
explosion date one day before the first detection published
by Pastorello et al. (2015c): texp ⇡ 57062MJD (Feb. 8). This
provides us with a rise time for SN 2015U of trise ⇡ 9 days.
Tsvetkov et al. (2015) note that SN 2015U is among the
most rapidly evolving SNe known, with a decline rate similar
to those of SNe 2002bj, 2005ek, and 2010X. We measure
�M15 ⇡ 2.0mag in the R band, but note that the decline rate
increases ever more steeply after ⇠ 10 days post-peak, and
at all times the bluer passbands decline more rapidly than
the red. Simple linear fits indicate the following decline rates
before and after +10 d (in mag day�1): Bearly = 0.110 ± 0.007,
Vearly = 0.099 ± 0.005, Vlate = 0.28 ± 0.07, Rearly = 0.080 ± 0.005,
Rlate = 0.267±0.009, Iearly = 0.067±0.006, and Ilate = 0.26±0.04
(uncertainties are statistical, and our data do not constrain
the late B-band decline).

SN 2015U is one of the nearest SNe Ibn to date (Pa-
storello et al. 2016), but it is still relatively distant for
direct progenitor studies (and is obscured by the dust in
NGC 2388). Regardless, the HST nondetections presented
in §2.1 can be used to place interesting constraints on the
SN’s progenitor. We compared these limits to the MIST stel-
lar evolutionary tracks (Choi et al. 2016) at solar metallic-
ity generated in the WFC3/infrared bandpasses (negligible
photometric di↵erences exist between NICMOS/NIC2 and
WFC3/IR for F110W and F160W). Based on these tracks
we can eliminate single-star progenitors with initial masses
Mini & 9 M� and . 40 M�. That is, the progenitor would have
been either a low-mass star near the core-collapse limit or
a highly massive evolved star, possibly in a luminous blue
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Figure 12. The extinction-corrected light curve of SN 2015U
compared to light curves of SNe 2002bj and 2010X (Poznan-
ski et al. 2010; Kasliwal et al. 2010), the rapidly evolving
SN Ibn LSQ13ccw (Pastorello et al. 2015b), and one of the rapidly
evolving events from the PS1 sample (Drout et al. 2014). We also
show in black the R-band SN Ib/c template from Drout et al.
(2011). For SN 2015U we include data from the R and clear pass-
bands published here as well as the r-band photometry from Pas-
torello et al. (2015c); a vertical o↵set of �0.25mag was applied to
the r-band data to match the R and clear bands, enabling visual
comparison.

variable (LBV) or Wolf-Rayet phase at the time of explo-
sion. We did not interpret our upper limits with respect to
existing binary evolution models, and we caution that these
results are somewhat dependent upon the uncertain proper-
ties of NGC 2388’s dust population.

The structure near SN 2015U’s position in the 1 yr
HST images (Figure 1) may be due to clumpy star-forming
regions, perhaps associated with SN 2015U. NGC 2388
is a strongly star-forming and massive galaxy — Pereira-
Santaella et al. (2015) calculate an ongoing star-formation
rate of ⇠ 40+9

�22 M� yr
�1 and a total stellar mass of 1011.0±0.1 M�

— and though SN 2015U is not obviously associated with
the brightest star-forming regions of the galaxy, our spec-
tra do show emission lines from nearby H II regions. The
clump may also be an artifact of the intervening dust lanes
in NGC 2388; unfortunately there is essentially no colour
information available from our images as the host-galaxy
background dominates.

3.4 Comparisons with Other Supernovae

In Figure 12 we compare the light curves of SN 2015U
to the R-band light curves of SN 2002bj (Poznanski et al.
2010), which was very similar though ⇠ 1mag fainter, and
SN 2010X (Kasliwal et al. 2010), which also matches well
but was ⇠ 2.5mag fainter. SNLS04D4ec and SNLS06D1hc,
two of the rapidly rising transients discovered by the Super-
nova Legacy Survey (SNLS) and presented by Arcavi et al.
(2016), also show similar light-curve behaviour but ⇠ 0.5mag
brighter than SN 2015U (see their Figure 2). In Figure 13 we

MNRAS 000, 1–20 (2016)
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The Era of ZTF, LSST, 
 and Other Surveys

• iPTF found 14 SNe Ibc in 2014; 
ZTF should scale discovery up by 
the field of view, ~90 SNe Ibc per 
year

• LSST will discover hundreds of 
thousands of SNe Ibc per year

ZTF will survey an order of magnitude faster than PTF.
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Table 1
Physical Properties Derived from Early UV Observations of Massive Star Explosions

Physical Property Required Data References

Pre-explosion stellar radius Early UV photometry Nakar & Sari (2010)
Rabinak & Waxman (2011)

Surface chemical composition Early UV photometry Rabinak & Waxman (2011)

Dust extinction curve Early UV photometry Rabinak & Waxman (2011)
toward the SN augmented by ground

optical/IR data

Amount of radioactive Early UV photometry Piro & Nakar (2012)
56Ni mixing into plus optical photometry
the ejecta and early spectroscopy

Explosion energy Early UV photometry Rabinak & Waxman (2011)
and late-time ground
observations

Progenitor density profile Early UV photometry Bersten et al. (2012)
augmented by spectroscopic
temperature measurements

Recent progenitor mass-loss Early UV photometry Ofek et al. (2010, 2013a, 2013b, 2013c, 2014)
combined with spectroscopic Chevalier & Irwin (2011)
velocity measurements Balberg & Loeb (2011)

Svirski et al. (2012)

Figure 2. Theoretical shock-cooling models in the near UV band (200–240 nm)
(solid: Nakar & Sari 2010; dashed: Rabinak & Waxman 2011; dash-dot: Sapir
et al. 2013) compare well with observations (red data points: binned observations
of Type II SNe from Schawinski et al. 2008 and Gezari et al. 2008b; blue points:
binned observations of Type Ib SN 2008D from Soderberg et al. 2008). Red
and blue curves are predictions for red supergiant and W-R star explosions,
respectively.
(A color version of this figure is available in the online journal.)

while early UV observations of explosions occurring in thick
circum-stellar medium would probe the final stages of massive
star evolution just prior to explosion (e.g., Ofek et al. 2013c
and references within). Assuming fiducial survey parameters
(Section 10), the known UV signals (Figure 2) and local SN
rates, one could study ∼100 such events per year.9 Analysis of
such a sample of massive star explosions would shed new light
on the final stages of massive-star evolution and the explosive
deaths of these stellar giants.

9 It is interesting to note that should a nearby SN Ia occur within the surveyed
field of view, limits on the shock-cooling emission from it would place
interesting constrains on the progenitor system (Kasen 2010; Piro et al. 2010;
Rabinak et al. 2012).

3. GRB AFTERGLOWS

3.1. Untriggered GRBs

More than half of all GRBs are associated with an optical/UV
counterpart signal that lasts between minutes to few days
(Cenko et al. 2009). The afterglow is supposedly generated
by the interaction of relativistic expanding shells with the
surrounding medium. The resulting light curve is a complex,
time-dependent combination of several components (reverse
shock, jet break, density bumps, late energy injection) and
unraveling them provides valuable information regarding the
physics and energies of the explosion.

Detection of the afterglow in the near UV (NUV) is limited to
the closest GRBs since above z ∼ 1.2 host galaxy Lyman limit
absorption will suppress the signal. We estimate the fraction of
GRB afterglows that will be detectable in the UV at a fiducial
sensitivity (Section 10) using the complete sample of Cenko
et al. (2009) and typical afterglow power law: Fν ∝ ν−β with
β ≈ 0.8 (Sari et al. 1998). Of the ∼1000 GRBs occurring
every year, about 20 will happen within the field of view of
a mission with fiducial parameters as specified in Section 10,
approximately six will be in the redshift range such that their
afterglow can be detected in the NUV (Jakobsson et al. 2012)
and four will be brighter than NUV 21 mag AB (Nakar & Piran
2003). These GRBs will therefore be observed regardless of a
high-energy trigger, and their early afterglow emission will be
followed continuously at minute-timescale temporal resolution.

3.2. Orphan GRB

GRBs are assumed to be collimated explosions, powered by
ultra-relativistic jets that are a few degrees wide (see Piran 2004
for review). Although indirect evidence supports this model, a
direct observational demonstration of the collimated nature of
the outflow would be very valuable.

A testable prediction of the narrow jet model is that the
radiation beaming angle should become wider with time as the
jet decelerates. Thus, low-energy afterglow emission recorded
hours–days after the burst should be seen by observers out of the

3

Nearby supernova rates from LOSS – III 1497

Table 10. Volumetric rate.

Rate SN Ia SN Ibc SN II

Early (fiducial; SNuK) 0.064+0.008
−0.007 (+0.013

−0.013) 0.008+0.006
−0.004 (+0.002

−0.002) 0.004+0.003
−0.002 (+0.001

−0.001)

Late (fiducial; SNuK) 0.074+0.006
−0.006 (+0.012

−0.012) 0.096+0.010
−0.009 (+0.018

−0.018) 0.172+0.011
−0.011 (+0.045

−0.036)

Early (LF-average; SNuK) 0.048+0.006
−0.005 (+0.010

−0.010) 0.006+0.004
−0.003 (+0.002

−0.002) 0.003+0.002
−0.001 (+0.001

−0.001)

Late (LF-average; SNuK) 0.065+0.006
−0.005 (+0.010

−0.010) 0.083+0.009
−0.008 (+0.016

−0.016) 0.149+0.010
−0.009 (+0.039

−0.031)

Vol-rate (10−4 SN Mpc−3 yr−1) 0.301+0.038
−0.037 (+0.049

−0.049) 0.258+0.044
−0.042 (+0.058

−0.058) 0.447+0.068
−0.068 (+0.131

−0.111)

Figure 21. The volumetric rate of SNe Ia at different redshifts. Our rate is marked with only the statistical uncertainty (half-filled circle), and with the total
uncertainty (solid circle). The rest of the rates are adopted from Horesh et al. (2008). The dashed line is evaluated at our rate with a functional form of (1 +
z)3.6, and is the star formation rate history from Hopkins & Beacom (2006). The upper and lower dash–dotted lines follow the same functional form and are
evaluated at the 1σ upper error bar of our measurement, and the 1σ lower error bar of the C99 measurement, respectively. The dotted line is the expected SN
Ia rate from the SFR history study by Mannucci et al. (2007).

These rates are reported in the first two rows in Table 10 for the
different SN types.10 The Kochanek et al. (2001) luminosity func-
tions for the early- and late-type galaxies are then used to derive the
number distribution for the galaxies having different luminosities,
and the RSSs as reported in Table 2 are used to calculate the rates
for different luminosities according to the rate–size relation. The
average values of SNuK, weighted by the number distributions of
the LFs, are reported in the third and fourth rows in Table 10. These
SNuK values are multiplied by the corresponding luminosity den-
sities as reported above, and the contributions from the early- and
late-type galaxies are summed to yield the final volumetric rates
reported in the last row of Table 10.

10 We note that our definition of the early-type and late-type galaxies is
somewhat different from that adopted by Kochanek et al. (2001), but the ratio
of the integrated total K-band luminosity between the early- and late-type
galaxies in our sample, 1.27, is consistent with that reported by Kochanek
et al. (1.17 ± 0.12).

The evolution of the volumetric rate versus redshift (up to z ≈ 0.5)
for SNe Ia is shown in Fig. 21. The published rates (all converted to
our adopted Hubble constant) include those of C99, Botticella et al.
(2008), Hardin et al. (2000), Madgwick et al. (2003), Tonry et al.
(2003), Blanc et al. (2004), Dahlen et al. (2004), Barris & Tonry
(2006), Neill et al. (2006, 2007), Dilday et al. (2008), Botticella
et al. (2008) and Horesh et al. (2008). Our volumetric rate is plotted
with the statistical error only (half-solid circle, displaced for clarity
at z = −0.01), and then with the statistical error and systematic error
added in quadrature (solid circle). We note that our measurement
with the total uncertainty has roughly the same precision as some
of the other measurements, despite the fact that we have used more
SNe in our calculations. The explanation is two-fold. First, the
precision of our volumetric rate is limited by the precision of the
local luminosity density. Secondly, we take an aggressive approach
to calculating the systematic errors (as discussed in Section 3.4),
and hence may overestimate the total errors. As can be seen, our
measurement including only the statistical error is the most precise
among all the points.

C⃝ 2011 The Authors, MNRAS 412, 1473–1507
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Adding Nickel

Kleiser & Kasen 2018
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