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ABSTRACT

Type II supernovae (SNe II) show strong hydrogen features in their spectra through-
out their whole evolution while type IIb supernovae (SNe IIb) spectra evolve from
dominant hydrogen lines at early times to increasingly strong helium features later on.
However, it is currently unclear whether the progenitors of these supernova (SN) types
form a continuum in pre-SN hydrogen mass or whether they are physically distinct.
SN light-curve morphology directly relates to progenitor and explosion properties such
as the amount of hydrogen in the envelope, the pre-SN radius, the explosion energy
and the synthesized mass of radioactive material. In this work we study the morphol-
ogy of the optical-wavelength light curves of hydrogen-rich SNe II and hydrogen-poor
SNe IIb to test whether an observational continuum exists between the two. Using a
sample of 95 SNe (73 SNe II and 22 SNe IIb), we define a range of key observational
parameters and present a comparative analysis between both types. We find a lack
of events that bridge the observed properties of SNe II and SNe IIb. Light curve pa-
rameters such as rise times and post-maximum decline rates and curvatures clearly
separate both SN types and we therefore conclude that there is no continuum, with
the two SN types forming two observationally distinct families. In the V-band a rise
time of 17 days (SNe II lower, SNe IIb higher), and a magnitude difference between
30 and 40 days post explosion of 0.4 mag (SNe II lower, SNe IIb higher) serve as
approximate thresholds to differentiate both types.

Key words: supernovae: general — supernovae: individual (SN 2001fa, SN 2004ff,
SN 2006Y, SN 2007fz, SN 2008M, SN 2013ai, SN 2013fs)

1 INTRODUCTION properties. Those SNe that show hydrogen in their spectra
are classified as Type II supernovae (SNe II) while those
that do not are of Type I (Minkowski 1941, see Gal-Yam
2017 and references therein for a review of spectroscopic SNe
classification). Subsequent division of SNe II into “plateau”
(IIP) and “linear” (IIL) was introduced based on the shape
of the light curve (Barbon et al. 1979), however recent works

It is believed that stars with initial masses > 8 Mg end their
lives exploding as core collapse SNe (CCSNe). CCSNe can
be divided into two main groups based on their spectral
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have found a continuum of observed properties between the
two (Anderson et al. 2014, Sanders et al. 2015, Galbany
et al. 2016, Rubin & Gal-Yam 2016). Therefore, we refer
to these two historical groups together as “hydrogen-rich
SNe II” for the remainder of this work. A number of further
sub-classifications exists, such as those SNe II showing sim-
ilar properties to SN 1987A (with particularly long-rising
light curves, see e.g. Pastorello et al. 2012, Taddia et al.
2016 and references therein), and those displaying narrow
emission features in their spectra, the Type IIn (Schlegel
1990). However, both of these groups show characteristics
sufficiently distinct from hydrogen-rich SNe II (as defined
above) that we do not consider them in this work (see Ar-
cavi 2017 and references therein for additional discussion on
hydrogen-rich CCSNe). Type I CCSNe were also separated
into Types Ib and Ic based on the presence or absence of
helium lines in their spectra (see Filippenko 1997, Gal-Yam
2017 and references therein). Due to the lack of hydrogen
these latter events are also referred to as stripped-envelope
SNe (SE SNe) in reference to their progenitors having lost
most, if not all, of their hydrogen envelopes before explosion.
SNe Ib and SNe Ic are not studied in the present work.

An intermediate group named Type IIb was identified
that undergoes a transition from a hydrogen-rich (similar
to SNe II) to a hydrogen-poor (similar to SNe Ib) spec-
trum (Filippenko et al. 1993). This transition is attributed
to a small amount of hydrogen in their progenitor envelopes,
and we thus refer to this group simply as “SNe IIb”! here.
Their characteristic bell-shaped light curve, in addition to
their overall similarity to SNe Ib and SNe Ic, has led the
community to associate SNe IIb with SE SNe (e.g., Clocchi-
atti et al. 1996, Matheson et al. 2001) and model the main
peak of SN IIb light curves as powered by radioactive de-
cay of °Ni (e.g. Shigeyama et al. 1994, Woosley et al. 1994,
Bersten et al. 2012). However, there are few studies that
focus on a quantitative comparison of light-curve morpholo-
gies between SNe II and SNe IIb (c.f.: Arcavi et al. 2012,
Faran et al. 2014, Eldridge et al. 2018).

An outstanding question in the study of CCSNe ob-
servations and their implications for our understanding of
progenitor systems, is whether in spite of the spectroscopic
distinction at late times, the early spectral similarities of
SNe II and SNe IIb imply a shared common origin. Theo-
retical works have suggested that the majority (if not all)
SNe IIb could come from interacting binaries (see e.g. Pod-
siadlowski et al. 1992, Nomoto et al. 1995, Benvenuto et al.
2013, Yoon et al. 2017). Although the bulk of hydrogen-rich
SNe can be satisfactorily explained by the single-progenitor
scenario, in principle some SNe II may also come from bi-
nary systems. For isolated stars the degree of envelope strip-
ping should be chiefly dictated by the initial progenitor mass
(with some additional dependence on progenitor metallicity,
see e.g. Heger et al. 2003a). However, the situation is com-
plicated by the effect of mass transfer in binary progenitors.

' There are a number of Type Ib SNe that also show evidence of
hydrogen in their spectra - e.g.: SN 1996N (Sollerman et al. 1998,
Branch et al. 2002), SN 1999ex (Hamuy et al. 2002, Branch et al.
2006), SN 2005bf (Folatelli et al. 2006, Branch et al. 2006, Parrent
et al. 2007), SN 2007Y (Stritzinger et al. 2009) - and could also
be considered to be hydrogen-poor SE-SNe. These events are not
included in this study.

Investigating whether SNe IT and SNe IIb arise from sim-
ilar or distinct progenitor scenarios can shed light on the
importance of these competing mass-loss mechanisms.

It has been argued that the diversity in the light curves
of hydrogen-rich SNe II is driven by the mass of the hy-
drogen envelope retained by the progenitor at the epoch of
explosion. This follows early theoretical modelling of SNe II
(Popov 1993) claiming that faster declining SNe II (that also
show shorter-duration plateau phases, see e.g. Litvinova &
Nadezhin 1983, Young 2004 for theoretical evidence and An-
derson et al. 2014, Gutiérrez et al. 2017b for observational
evidence of this phenomenon) arise from progenitors with
lower mass envelopes. Since the hydrogen lines of SN IIb
spectra disappear with time, it is believed that their pro-
genitors retain an even smaller fraction of their hydrogen. If
there were indeed a continuum of hydrogen envelope mass
between the progenitors of SNe IT and SNe IIb then we may
expect to see a continuum in their observable light curve
properties, similar to what is seen between fast and slow
declining hydrogen-rich SNe II.

Arcavi et al. (2012) studied the light curve behaviour
of a sample of 15 SNe IIb and SNe II in the R-band and ar-
gued that they separate into three distinct groups according
to light curve shape: IIP, IIL, and IIb. Faran et al. (2014)
studied 11 fast-declining SNe II (IIL) and found that they
seem to be photometrically related to SNe IIb. Here, our
study follows those previous works, using a larger sample
and the addition of a range of observational parameters de-
fined consistently across all SN types. We present an analysis
of 95 SNe (73 hydrogen-rich SNe II and 22 SNe IIb) with
the aim of determining whether there is a clear distinction
in the shape of the light curves between these SNe subtypes,
or whether a continuum is observed.

The paper is organized as follows: in Section 2 we
present the data sample. In Section 3 we describe our light
curve analysis method and explain how we obtain explosion
and maximum-light epochs. Section 4 introduces the param-
eters we have used to compare light curve properties. Results
are provided in Section 5. Section 6 presents a discussion
of deviating cases and possible implications for progenitor
properties. Finally in Section 7 we present our conclusions.
In addition, an appendix is included where figures not in-
cluded in the main body of the manuscript are presented
along with tables containing information on each SN con-
sidered and the numeric values of the defined comparison
parameters.

2 SUPERNOVA SAMPLES

Our sample includes 73 SNe II (see Table A1), with 64 taken
from the Carnegie Type II Supernova Program (CATS; Gal-
bany et al. 2016; PI: Hamuy, 2002—-2003) and the Carnegie
Supernova Project (CSP-I; Hamuy et al. 2006; PlIs: Phillips
and Hamuy, 2004-2009) samples from the work of Ander-
son et al. (2014). This sample was selected as it originated
from a well defined dataset that was observed, reduced and
calibrated in a consistent manner. Additionally, nine objects
having well-defined light curve maxima were included from
the literature. All the objects with well defined light curve
maxima were then used as templates to obtain the date of
maximum light for the rest of the sample. This was required
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because such dates were generally poorly constrained in An-
derson et al. (2014), but are necessary to obtain rise times
(see Sec. 5.1): an important parameter differentiating SNe 11
from SNe IIb. In the case of SNe IIb, no sufficiently large
sample exists from a single follow-up program. Therefore,
we collate all SNe IIb from the literature (see Table A2)
that fit the following selection criteria (that also apply to
the SNe II):

e Good sampling. At least nine data points in our primary
photometric band (V), in order to have a good approxima-
tion of the intrinsic shape of the light curve.

e Existing photometric data points around maximum
light for SNe IIb and prior to ~25 days after explosion for
SNe II to have a dense enough coverage of the early part of
the light curve. This means that our SN II light curves do
not necessarily cover the epoch of maximum light.

e When the explosion date is not well constrained by pre-
discovery non-detections, at least three available spectra in
order to be able to estimate the explosion dates through
spectral matching (see Section 3.1).

The parameters defined in this work (see Section 4) are only
constrained by photometric data points up to ~60 days after
explosion. The reasons to adopt this limit are: a) to enable
a characterization of the light curve properties around max-
imum light and the subsequent initial decline; and b) the
light-curve coverage is more uniform among the SN sample
than at later times. We choose V as our primary photometric
band as historically this is the band in which most SNe were
observed with the best cadence. B- and r-band were also
considered in order to study how the light curves behave at
shorter and longer wavelengths, respectively. K-corrections
have not been performed to the SN photometry. However,
given the redshift range considered here (z < 0.08), such cor-
rections are too small to affect our analysis. Also, all time
intervals are given in the SN rest frame.

3 LIGHT CURVES

To be able to compare the light curves and define the pa-
rameters described in Section 4 in a consistent manner, a
uniform sampling of the light curve is needed. Hence, we
resample the photometry via the Gaussian process method
(see Rasmussen & Williams 2006 for details on Gaussian pro-
cesses) using a self-made code that implements the Python
library GPy (2012), using a squared-exponential kernel? plus
a kernel to account for the errors in the measured magni-
tudes. After running the code we not only obtain a regular
sampling but also an uncertainty or confidence interval of
said sampling. An example of the Gaussian process fit is
presented in Fig. 1.

The Gaussian process works well when the photome-
try is well sampled. However, when the data points are not

2 The kernel takes as input two hyperparameters, lengthscale and
variance. Our first approximation for these values were the mean
separation of the photometric points and the standard devia-
tion of said separation respectively. In three cases (SN 2012aw,
SN 2013ej and SN 2013df) a different value (selected by trial and
error) was used in order to obtain a better fit.

MNRAS 000, 1-18 (2018)
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Figure 1. Resampled light curve of SN 2008ax. The black dots
are the original photometric data points (obtained from different
sources, see Table A2, hence the observable offset). Some error
bars are smaller than the dot size. The mean of the resampling is
presented as a blue continuous line and the confidence interval is
presented in light blue.

evenly sampled, the method tends to introduce spurious wig-
gles. At the same time, the confidence interval increases to
accommodate to the lack of data. In our sample this effect is
only considerable for the late part of the light curve, which
is not considered in the analysis.

3.1 Explosion epoch estimation

CSP-I and CATS SN II dates of explosion are those pub-
lished in Gutiérrez et al. (2017a), which are a combination
of explosion epochs from spectral matching and prediscovery
non-detections. For the SNe II from other sources, we derive
explosion epochs in the same way as Gutiérrez et al. (2017a).
Whenever the interval between the last non-detection and
the first detection is shorter than 20 days, the mid point of
the interval is adopted as the explosion date and its uncer-
tainty is set as half the interval length. When the previous
requirement is not met, we use the spectral matching tool
SNID (Supernova Identification software, Blondin & Tonry
2007) to derive an explosion date. In order to do this, we have
added the spectra from Gutiérrez et al. (2017a) as SNID
templates.

In the case of SNe IIb we create additional SNID tem-
plates using those events where the explosion epoch is well
constrained from the discovery data (i.e., an interval shorter
than 20 days between last non-detection and discovery). For
the rest of the SNe IIb (without constraining non detections)
we run SNID on each of their spectra. From each SNID run
we select the spectral matches that provide an estimated
age from maximum light that is within five days from the
known age based on the light-curve fit. Every spectral match
provides an age from explosion (fexp,match) for the given spec-
trum. These fexp_match have an associated uncertainty that is
given by that of the date of explosion of the SN template.
We fix a minimum uncertainty of five days to account for the
typical uncertainty in the spectral matching procedure, that
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Table 1. Comparison between the explosion epochs obtained
from non-detection constraints and those calculated using SNID
for SNe IIb.

SNID Observed
SN ExpMJD] e Exp ExpMJD] e Exp diff
1993J 49074.4 5.79 49071.7 2.60 2.7
2004ex 53286.9 7.68 53288.8 0.50 -1.9
20041t 53291.4 3.25 53302.9 3.49 -11.5
2006el 53964.0 7.88 53968.8 3.48 -4.8
2006T 53760.5 7.69 53759.0 7.02 1.5
2008aq 54508.0 9.51 54514.9 8.48 -6.9
2008ax 54529.4 6.85 54528.3 0.13 1.1
2009K 54850.2 9.12 54843.6 1.49 6.6
2011dh 55712.1 8.19 55712.4 0.52 -0.3
2013df 56448.2 5.04 56443.9 6.93 4.3
2016gkg 57653.2 10.07 57651.2 0.06 2.0

is mainly determined by the size and diversity of the avail-
able template sample. Using the observation epoch (fps) of
the fitted spectrum we can compute a date of explosion for
each match as fobs — fexp_match- Finally we compute the ex-
plosion date for the given SN IIb as the weighted average of
the results from all selected SNID matches.

To test the validity of this procedure we remove each
SN IIb template from the SNID library and calculate its ex-
plosion epoch as above. The results are presented in Table 1.
The average difference between the explosion epoch calcu-
lated with SNID and the one calculated from non-detections
is of —0.65 = 5.0 days, which validates our procedure.

3.2 Maximum light epoch estimation

In the case of SNe IIb, we consider only the main max-
imum (thought to be powered by radioactive decay), and
not that which occurs earlier during the cooling phase (see
e.g. Bersten et al. 2012). The date of the main maximum
is taken from the light curve through the Gaussian process
resampling. To determine an error on the epoch of maxi-
mum light we adopted the mean separation in time between
subsequent data points in the range from 15 days before to
15 days after maximum. This takes into account the uncer-
tainty introduced by the cadence of the observations.

In the case of hydrogen-rich SNe II, when possible, the
date of maximum is obtained directly from the resampled
light curve, in the same way as described for SNe ITb. How-
ever, most of the objects in the sample of Anderson et al.
(2014) do not have a well-observed maximum. In order to es-
timate the light curve maxima for those objects we searched
the literature for SNe II where the epoch of maximum light
was observed. The spectra of these SNe were then used to
produce additional SNID templates. SNID was then run for
the rest of the sample. If the difference between the age of
explosion of the sample spectrum (calculated in the previous
section) and the age of explosion of the template is less than
five days, the template is considered a good match and it
is used to estimate the epoch of maximum light. Again we
cross-validate this procedure by removing each SN II used
as a template, running that template through our steps, and
comparing the values estimated using SNID with those ob-
tained directly from the re-sampled light curve. To further

Table 2. Comparison between the date of maximum light in the
V-band obtained directly from SN photometry and that obtained
from SNID for SNe II (top) and SNe IIb (bottom).

SNID Observed
SNII Max[MJD] e-Max Max[MJD] e_Max diff
1999gi 51529.0 3.76 51529.2 2.20 -0.2
2002gd 52564.5 4.84 52562.6 2.31 1.9
2004er 53284.7 5.23 53287.6 1.78 -2.9
20070 54146.1 3.97 54144.9 3.32 1.2
2009ib 55054.4 4.52 55057.1 1.63 -2.7
2012aw 56015.7 4.72 56012.5 0.61 3.2
2013ai 56352.4 3.39 56365.4 1.00 -13.0
2013by 56413.7 4.37 56414.7 1.10 -1.0
2013ej 56509.2 4.58 56510.4 0.91 -1.2
2013fs 56584.3 4.46 56578.1 2.01 6.2
2014cx 56914.5 2.88 56917.5 0.77 -3.0
2014G 56682.0 4.34 56681.7 0.61 0.3

SNIIb Max[MJD] e Max Max[MJD] e Max diff

1993J 49093.6 3.6 49095.0 0.11 1.4
1996¢cb 50450.6 3.1 50450.4 1.84 0.2
2003bg 52718.8 3.3 52717.6 10.3 1.2
2004ex 53311.3 3.0 53307.2 1.81 4.1
20041t 53323.3 3.0 53313.1 1.88 10.2
2005Q 53408.1 4.0 53406.4 1.50 1.7
2006ba 53825.5 3.2 53823.1 2.49 2.4
2006el 53983.9 3.2 53983.8 1.60 0.1
2006T 53780.5 4.2 53780.3 1.74 0.2
2008aq 54537.0 3.3 54532.0 1.35 5.7
2008ax 54548.3 5.1 54549.6 0.52 -1.3
2008bo 54569.0 3.1 54567.6 1.21 1.4
2009mg 55190.6 3.3 55188.5 2.04 2.1
2009K 54864.5 4.7 54869.4 2.37 -4.9
20097 54881.4 2.7 54877.7 2.37 3.7
2010jr - - 555631.7 1.60 -
2011dh 55733.3 6.5 55732.1 0.88 1.2
2011ei 55785.1 3.0 55784.4 0.91 0.7
2011fu 55847.0 4.5 55846.0 0.49 1.0
2011hs 55889.8 3.5 55888.2 0.75 1.6
2013ak 56370.4 3.6 56368.8 1.79 1.6
2013df 56466.3 3.2 56469.8 0.38 -3.5
2016gkg 57671.9 4.3 57671.7 1.92 0.2

test this method, the same was done with SNe IIb. The re-
sults are presented in Table 2. Average differences on the
maximum light for SNe II is —0.93 + 4.6 days, again validat-
ing our procedure.

Both SNe IT and SNe IIb have fewer objects with well-
sampled light curve peaks in the B- and r-band. For those
that do have a well-sampled peak, the maximum date is ob-
tained directly from the photometry. For these same SNe we
then calculate the weighted average of the difference of JD at
peak for V and B together with V and r, using as weights the
errors on the determination of the date of maximum light.
Results are presented in Table 3. These average differences
are then used to estimate the date of maximum in B and
r for the rest of the objects as the difference between the
SN maximum epoch in V and the weighted average of the
corresponding band.

MNRAS 000, 1-18 (2018)
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Table 3. Weighted average and error of Vinax — Bmax and Viax —
rmax, considering only those SNe with data points before light
curve peak.

Type #SNe Band Weighted average error
IIb 20 Bmax — Vimax -1.32 0.40
10 Vimax — Tmax -0.56 0.75
I 8 Bmax — Vmax -5.03 2.14
3 Viax — Tmax -3.04 2.66

4 RESAMPLED SN LIGHT CURVES AND
OBSERVATIONAL PARAMETERS

In this section we first present the resampled V-band
hydrogen-rich SN II and SN IIb light curves and discuss
their morphology. A number of observational parameters are
then defined. These are used to compare the two SN types
quantitatively in Section 5.

In Fig. 2 we present the resampled light curves nor-
malized to the peak magnitude (if this is not observed, the
magnitude of the first photometric data point is used), both
with respect to explosion date and to epoch of maximum
light. The different behaviour of SNe II and SNe IIb can be
seen in a qualitative, visual manner in this figure: SNe IIb
take a longer time to reach maximum light (see top panel of
Fig. 2) and decline more quickly post maximum (most eas-
ily seen in the bottom panel of Fig. 2) than SNe II. SNe IIb
show a change in curvature following the first decline after
peak, commonly thought to be the radioactive decay tail.
This behaviour is not observed in SNe II; even though some
of them show a change in the curvature, they generally seem
to have a small “plateau” before continuing to decline.

To better study the behaviour of the light curves,
the continuous resampling was used to compute their time
derivatives, which are presented in Fig. 3. Finite differ-
ences were performed in order to obtain the first and second
derivatives of the light curve. Both derivatives of SN II are
closer to zero than SN IIb during the first 50 days after ex-
plosion, suggesting that their light curve shapes change more
slowly than those of SNe IIb during this period of time. Simi-
larly to Fig. 2, Fig. 3 shows that SNe II and SNe IIb separate
qualitatively in their derived light curves.

The parameters we define in order to quantitatively
compare the light curves are described below:

® fige: time to maximum light or rise time, considered to
be the elapsed time between the date of explosion and the
date of maximum light.

o Amyp_30: magnitude difference between phases 30 and
40 days post explosion, which accounts for the decline rate of
the light curve. The phases are chosen in order to capture the
post-maximum behaviour of both SN types. This parameter
is similar to dm; defined below in the sense that it measures
a slope of the light curve. We include it here because it is
easier to visualize and to measure when data are sparse.

e dm;j: earliest maximum of the first light-curve derivative
after maximum light. This parameter captures the maximum
rate at which the light curve declines after peak.

e dmyj: earliest minimum of the second light-curve deriva-
tive after maximum light. This parameter gives an idea of

MNRAS 000, 1-18 (2018)
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Figure 2. Resampled light curves normalized with respect to the
V-band peak magnitude. SNe II are plotted in red dotted lines
while SNe IIb are plotted in cyan dash-dot lines. Top panel: phase
with respect to explosion epoch. Bottom panel: phase with respect
to date of maximum light. Similar plots are presented for B- and
r-band in the Appendix A.

how much the curvature of the light curve changes in the
region where it changes the most.

To be sure that dm; and dm; describe the early part of the
light curve we add the constraint that dm; should occur
before 80 days (to exclude the decline after the “plateau” of
the slow declining SN II) and dmj should occur after dm;
(to exclude the change in curvature that happens before the
main peak of the SN IIb). Some SN II light curves appear
nearly as straight lines. In such cases, we do not provide
values of dm; and dm, since the derivative of a straight line
is a constant.

5 RESULTS
5.1 Rise times

In Fig. 4 we present histograms of fjse in the three bands
considered in this work. We note that while the mean val-
ues of the distributions change considerably between bands
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Figure 3. Derivatives of the V-band light curves with respect to
explosion. SNe II are plotted in red dotted lines while SNe IIb are
plotted in cyan dash-dot lines. Top panel: first derivative. Bottom
panel: second derivative. Similar trends are observed in the B- and
r-band (see Appendix A).

for SNe II (larger values for longer wavelengths), for SNe IIb
the distribution means appear nearly constant (see Table 4).
This is expected to happen because, on the one hand, the
light-curve maximum of SNe II is attributed to post-shock
cooling emission. As the ejecta cools down, the emission peak
moves to longer wavelengths and therefore the light-curve
maximum is later in redder bands. On the other hand, the
light-curve maximum of SNe IIb is thought to be regulated
by the diffusion time-scale of °Ni decay radiation, which is
nearly constant in the optical. An Ashman’s D test (Ash-
man et al. 1994) is performed in order to test if there is a
possible bimodal behaviour between the distributions of the
different parameters, this is accounted for by the D factor.
A D value > 2 suggests bimodality. In this case we obtain
Dp = 3.9, Dy = 2.9 and D, = 1.9, which we interpret as
a clear distinction between the fis values of both SN types
in all three bands. Since the variables under study do not
strictly come from Gaussian distributed parent populations,
we also performed a Silverman’s test (Silverman 1981) after
which two modes can be observed, supporting a distinction
between SNe II and SNe IIb.
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Figure 4. ts distributions. B-, V- and r-band from top to bot-
tom. The total number of objects is specified in brackets for each
band. SNe II are plotted in red solid lines and SNe IIb in cyan
dashed lines.

The weighted average of fg is calculated for the three
bands (see Table 4), using as weights the errors on fyge.
We compared these values with those obtained in previous
works.

e Valenti et al. (2016) present for SNe II in their Figure 16
a distribution of fise vs. V-band magnitude that goes from
~0 days to ~20 days. The mean value of s is ~10 days
which is consistent with our result;

e Rubin et al. (2016) present the #jse of 57 SNe I in the R-
band (that can be considered similar to r-band). From their
Table 3 we calculate an average tyjse of 7.74 + 2.9 days. Sub-
sequently, Rubin & Gal-Yam (2016) using a similar sample
to Rubin et al. (2016) found three groups: fast rise/slow de-
cline (II-FS), fast rise/fast decline (II-FF) and slowly rising
(I1-S). The first two groups with #jse ~ 6.5 days and the last
one with tse ~ 10 days. Furthermore Gonzélez-Gaitan et al.
(2015) find for SNe II a #ge of 7.5 + 0.3 days in the g-band
(that can be compared to the V-band). The distributions of
these two studies are systematically smaller than what we
derive for our sample. Both those studies used photometry
from surveys with higher cadence than those producing the
majority of our sample data, which could be the origin of
these differences.

e Gall et al. (2015) present #se of a sample of SNe II in
the r’/R-band. From their Table 4 we calculate an average
of 10.14 + 4.42 days which is consistent within uncertainties
with our values;

e Prentice et al. (2016) present in their Table 7 a list of
literature bolometric tse values for SE SNe. With the values
corresponding to SNe IIb we calculate an average of 15.89 +
4.8 days. Considering that we find that B-, V- and r-band
light curves for SN IIb reach their maximum at very similar
epochs, we can assume that the bolometric light curves also
reach their maxima at a similar time. Their bolometric tge
is smaller than what we find here, although still compatible
within the uncertainties;

MNRAS 000, 1-18 (2018)



Comparison between light curves of SN II and SN IIb 7

Table 4. Weighted average and rms of ts for every band.

Type Band Weighted average
IIb B 19.0 + 1.8
\4 20916
r 21.3 2.1
II B 8.3 20
|4 12.8 + 2.4
r 16.0 = 3.6

e Taddia et al. (2015) present in their Table 4 values for
SNe IIb ;s in the R/r-band. The resulting average rise time
is 23.07 £ 1.96 days which is consistent with our results;

e A subgroup of our SNe IIb sample is part of the work
of Taddia et al. (2018). They present the explosion epoch
and the epoch of maximum light in different bands for each
object. From this, one can infer the ts. We calculate an
average frise for B-band of 18.97 + 2.73 days, for V-band an
average of 20.84 + 2.94 days and for r-band an average of
21.78 + 3.32 days which closely match our results.

In summary, the fyjse of SNe IIb are consistently longer
than for SNe II, both in the current work and in the lit-
erature. Note that the computed tjsc average is bigger for
our SN II sample than for other higher cadence samples (see
above). While this is a caveat to our estimated fge distri-
butions, assuming that our values are slightly overestimated
only strengthens our conclusion that SNe IIb have longer
trise than SNe II.

5.2 Magnitude difference between 40 and 30 days
post-explosion

In Fig. 5 we present histograms of Amyy_3o for the three
bands considered in this work. It can be seen in this figure
that both SN populations are separated in the sense that
SNe IIb have larger Amyg_3¢ values, which reflects the fact
that SNe IIb decline faster than SNe II after maximum light
at these epochs. The Ashman’s D values for this parame-
ter are Dg = 3.0, Dy = 4.7 and D, = 5.6. The Silverman
test also indicates the presence of two modes. These results
confirm the visual conclusion that the distributions are bi-
modal.

5.3 Derivatives

In Fig. 6 we present the distributions of the first maximum
of the first derivative (dmj, top panel) and of the first min-
imum of the second derivative (dmy, bottom panel) both
after light curve peak for B-, V- and r-band. It can be seen
that generally dm; is larger for SNe IIb meaning that they
decline faster than SNe II. The Ashman’s D calculated for
dm; are: Dg = 4.3, Dy = 4.2 and D, = 4.1. The Silverman
test also indicates the presence of two modes, evidencing two
different distributions for this parameter. At the same time
it can be observed that dmj values for SNe IIb are greater
in absolute value (i.e., more negative) than those of SNe II.
This indicates that the change in curvature after the initial
decline is greater for SNe IIb than for SNe II. We obtain
Dp = 2.8, Dy = 2.1, and D, = 1.3. These results imply
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Figure 5. Amyy_3¢ distributions. B-, V- and r-band from top to
bottom. The total number of objects is specified in brackets for
each band. SNe II is plotted in red solid lines and SNe IIb in cyan
dashed lines.

that there might be only one distribution for dm, in the r-
band. However the Silverman test shows two modes for B-
and r-band while showing only one mode for V-band, imply-
ing that this last band might be the one showing unimodal
behaviour. Despite these results, the general shape of the
light curves is different between both types of SNe in V- and
r-band.

In general the slope of the decline after the first peak
(dmj) of SNe IIb seems to be smaller for redder bands, but
this is not so clear for SNe II between V- and r-band.

5.4 Comparison between parameters

In Fig. 7 we present dm; vs. dmy in the V-band. There seems
to be a correlation between these two parameters with a
clear trend of increasing dm; with decreasing dm,. However,
the overlap in this parameter plane is very small between
both SN types, indicating their distinct light-curve proper-
ties. We do not therefore conclude that this trend implies an
underlying connection between SN II and SN IIb.

In Fig. 8 we plot each of the parameters described above
against frjse in V-band. In all the panels it can be seen that
SN II and SN IIb separate in two groups, with a small num-
ber of objects bridging them. These objects are discussed in
the next section. We performed clustering® over these plots
in the three studied bands. When plotted out, we see that
the ellipses that represent the Gaussian component do not
touch. Nevertheless, when studying the dm, parameter we
see that some type II objects fall in the type IIb cluster,
these objects are not the same nor the same amount for
the different bands, so they are not considered as transi-
tional events. The only systematically “misclassified” object
when studying our set of parameters versus fyjge is SN 2013ai,

3 To perform clustering we used the scikit-learn (Pedregosa et al.
2011) GaussianMixture package.
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Figure 6. Top: dm; distributions for all (B, V and r from top to
bottom) bands. Bottom: dm; distributions for all (B, V and r from
top to bottom) bands. The total number of objects is specified in
brackets for each band. SNe II are plotted in red solid lines and
SNe IIb in cyan dashed lines.

which always appears in the type IIb cluster. SN 2004ff is
also “misclassified” for most parameters with the exception
of dm| versus fse in the B-band.

6 DISCUSSION

We have studied a large sample of hydrogen-rich SN II and
SN IIb light curves to test the hypothesis of a continuum
of morphological properties among them. Both qualitatively
(visually) and quantitatively, SNe II are found to have light
curves that are distinct from those of SNe IIb with no sug-
gestion of a continuum of observational properties. Here we
discuss the interpretation of our results in terms of the na-
ture of progenitors properties.
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Figure 7. Comparison between dm; and dm; in the V-band.
SNe II are represented by red circles while SNe IIb by cyan
squares. Some error bars are smaller than the symbol size.
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Figure 8. Comparison between parameters in the V-band. SNe 11
are plotted as red circles while SNe IIb are plotted as cyan squares.
Top left panel: Amyg_30 VS. tise. Bottom left panel: dm; vs. frise.
Bottom right panel: dm; vs. tige.

6.1 Progenitors

As described in the introduction of this work, it is gener-
ally accepted that slow-declining SNe II (IIP) arise from
stars that retain a significant fraction (2 2 Mg, Heger et al.
2003b) of their hydrogen rich envelopes and become red su-
pergiants before exploding. Also, there are suggestions that
faster-declining SNe II (IIL) arise from stars that lose a
greater fraction of their hydrogen envelopes than slower-
declining SNe II. The observed continuum of light-curve
decline rates among SNe II may indicate that there is a
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continuum of progenitor properties, possibly a sequence of
envelope masses. At the same time, the spectral transition
of SNe IIb from hydrogen dominated to helium dominated
in turn suggests that their progenitors retained significantly
less hydrogen than the majority of SNe II. Therefore SNe IIb
could constitute a continuation of the envelope-mass se-
quence that is suggested for SNe II. The dominant mass loss
mechanism producing these degree of envelope stripping is
still a matter of debate.

One explanation could be mass loss via strong winds
or eruptions. In this scenario Wolf-Rayet (WR) stars have
been considered probable progenitors of SE SNe. However,
single stars are only predicted to lose sufficient mass to ex-
plode as SE SNe when their initial masses are higher than
25 Mg (see e.g. Heger et al. 2003b). Nevertheless, the rate of
SE SNe is significantly higher than that predicted assuming
single-star progenitors and a standard initial mass function
(IMF, Smith et al. 2011). Also, the ejecta masses of SE SNe
are lower than those expected from > 20 Mg progenitors,
presenting a problem for single-star progenitors (e.g. Drout
et al. 2011, Lyman et al. 2016, Taddia et al. 2018). Nonethe-
less, recent stellar models using enhanced mass loss suggest
that SN IIb (and Ib) could come from stars ~ 20-25 Mg
(Chieffi & Limongi 2013). In this case, a single-star progen-
itor continuum could be considered between slow-declining
SNe IT (IIP, with the most hydrogen retained by their pro-
genitors), fast-declining SNe II (IIL, with less hydrogen) and
SNe IIb (with the least amount of hydrogen left in their pro-
genitors).

In the second and more popular explanation for SNe IIb
progenitor’s mass loss, hydrogen envelope stripping is
achieved through the presence of a companion. This is sup-
ported by the strong evidence that the majority of massive
stars reside in interacting binary systems (Sana et al. 2012)
and by the observed fractions of supernova types (Smith
et al. 2011). While the confirmed progenitors of SNe II are
compatible with single-star evolutionary models (Van Dyk
2012, Smartt 2015 and references therein), those of SNe IIb
do not comply with this picture and appear to indicate a
binary origin. Furthermore, for three SNe IIb there is evi-
dence of a binary companion (SN 1993J Maund et al. 2004,
SN 2001ig Ryder et al. 2018 and SN 2011dh Maund et al.
2011, Folatelli et al. 2014).

Progenitor properties can be indirectly studied via the
observed properties of the SN light curves. The continuum
observed between slow and fast declining SN II light curves
has been attributed to a possible continuum of progenitor
properties. In this work we do not find evidence for a contin-
uum between the observed properties of hydrogen-rich SN 11
and SN IIb light curves. This may indicate that these events
arise from different progenitor scenarios.

6.1.1 Constraints from hydrodynamical modelling

Using hydrodynamical models one can test whether the hy-
drogen rich envelope mass is the driving factor that shapes
the light curves of SNe II and IIb. Such a test has been car-
ried out by simulating the explosion of stars with varying
envelope masses using our own hydrodynamic code (Bersten
et al. 2011). A similar study was done by Morozova et al.
(2015). We have calculated SN progenitors using the stel-
lar evolution code MESA version 10398 (Paxton et al. 2011,
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Paxton et al. 2013). An initial mass of 18 and 30 Mg has
been adopted, and produced pre-SN objects of different en-
velope masses by artificially varying the wind efficiency pa-
rameter, 77, within the “Dutch” wind scheme (de Jager et al.
1988, Nugis & Lamers 2000, Vink et al. 2001, Glebbeek et al.
2009). We evolved the stellar models from the pre-main-
sequence to the time of core collapse, defined as the moment
when any part of the core exceeds an infall velocity of 1000
km/s. All pre-SN objects were exploded assuming a fixed
energy of 10°! erg and a radioactive S°Ni mass of 0.02 M.
A complete analysis based on these tests is deferred to a
future publication, here we briefly describe these results to
aid in our discussion and conclusions.

The resulting light curves (Fig. A5) are similar to those
in Morozova et al. 2015 (see their Fig. 7). However, our con-
clusions are distinct. We note that as the envelope mass de-
creases, the light curves decline faster during the recombina-
tion phase. This is in line with the range of SN II light-curve
morphologies from “plateau” to “linear”. When the envelope
mass falls below 0.5 Mg the light curves show a bump that
Morozova et al. (2015) interpret as a signature of SNe IIb.
However, the properties of the computed light curves dif-
fer substantially from those of observed SNe IIb. The bump
luminosity is too low, and its timing and duration are too
short to account for the observed SNe IIb light curves. Also,
the duration of the cooling phase preceding the bump is not
compatible with observations. Our interpretation is that the
envelope mass regulates on the zeroth order the shape of
SN II light curves, but it cannot account for SNe IIb. Al-
though, for the latter, there is evidence that a difference of
~0.1 Mg of hydrogen in the envelope divides SN IIb into two
categories: those with a compact progenitor (SN cIIb) and
those with an extended one (SN elIb, Chevalier & Soderberg
2010). Further investigation of this phenomenon is beyond
the scope of this work.

A recent population synthesis study of binary systems
combined with explosion models presented by Eldridge et al.
(2018) claims that the variety of progenitor systems can pro-
duce a continuum of light-curve shapes including SNe II
(plateau and linear) and SNe IIb. However, the synthetic
light curves that they classify as of Type IIb do not comply
with the observed properties (similarly to above). As seen in
their Fig. 4, the SN IIb models are too faint in general, and
while some light curves are too wide, others peak too early
or show a peculiar initial peak. Previous studies have shown
that in order to reproduce the light-curve shapes of SNe IIb,
the outermost density structure of the progenitor needs to be
modified relative to those of standard evolutionary models
(see Fig. 1 in Bersten et al. 2012).

We conclude that the observed discontinuity in light-
curve morphology between SNe II and SNe IIb must involve
progenitor properties in addition to the mass of the hydro-
gen rich envelope. Further analysis is required to elucidate
what such properties are and what the role of binarity is in
determining them.

6.2 SNe II light-curve morphology: a clear
continuum

As mentioned in Sec. 1, most contemporary work on samples
of SNe II (this refers to all those events historically classified
as ITP and IIL) conclude that a continuum exists between
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the slowest declining SNe II and the faster declining events.
While here our aim was not to further explore the ITP-IIL
classification, it is clear that in all of our measured parame-
ters - that are distinct from those defined in previous works,
see e.g. Anderson et al. (2014) - there is no evidence for bi-
modality. This work therefore further supports the existence
of a continuum in the properties of slow and fast declining
SNe II.

6.3 Possible transitional/outlying events

All of the qualitative and quantitative results and discussion
we have presented so far have concluded that there is no clear
continuum in light-curve properties between hydrogen-rich
SNe II and SNe IIb. However, in several figures (see Fig.
7 and 8) there are a small number of SNe that appear to
bridge the two populations. In this subsection we investigate
whether any of these events could be considered transitional
by studying their photometric and spectroscopic properties
in more detail.

6.3.1 Type II

e SN 2013ai: This is the most noticeable SN II outlier
since it has an exceptionally large fyjse when compared to the
rest of our SNe II sample, it is also the only systematically
“misclassified” object when performing a clustering analysis.
We have checked that none of the other parameters con-
sidered indicated this object belonged to the SN IIb group,
meaning that the behaviour of the light curve (steepness and
decline rate after peak) is otherwise typical of SNe II. Nev-
ertheless, we have inspected its spectra for similarities to
SNe IIb. None are found, and SN 2013ai also shows typical
spectral features and spectral evolution to those of SNe II.
Therefore we consider it to be a spectroscopically normal
SN II with a slow rise. Rubin & Gal-Yam (2016) study 59
SNe II in the R-band. They find three different clusters of
objects, one only composed of slowly rising events (II-S clus-
ter). However, their II-S sample have a median tjs of 10
days while SN 2013ai has a fyjse of 25.5+10.5 days in the
r-band. Therefore (even considering the error) the #gse of
SN 2013ai is still significantly longer than that of the II-S.
This object is further analyzed by Davis et al. (in prepara-
tion).

e SN 2006Y: This SN has large dm; and dm; values
when compared to the rest of the SNe II sample. SN 2006Y
is an outlier on the observed trends of the Anderson et al.
(2014) sample: they find it to be the fastest decliner of
their sample; this SN is again an outlier in the sample of
Gutiérrez et al. (2014), showing the smallest He absorption
of their sample. However, its ts is typical of SNe II and
its light curve has a small “plateau” a few days after peak
that is not observed in any SNe IIb. Also it shows strong
hydrogen lines throughout its spectral evolution. Therefore,
while SN 2006Y shows abnormal properties for a SN I, these
do not position this event close to the parameter space of
SNe IIb.

e SN 2013fs: This object also has large dm; and dmy,
when compared to the rest of the SNe II sample. In all other
parameters (frise, Amgg—30, overall shape of the light curve,
spectral evolution) it behaves as a normal SN II.

e SN 2008M: This SN does not present any peculiar-
ities except for a large dmj. While visual inspection of its
light curve shows an early fast decline, later it has a nor-
mal “plateau” lasting for approximately 80 days. In no other
parameter does this event appear similar to SNe IIb.

6.3.2 Type IIb

e SN 2004ff: This SN has an unusually small fise value.
Checking our estimated time of maximum light we find that
it is in agreement with that from Taddia et al. (2018). How-
ever, investigating the pre-discovery non-detection values
this SN may have a poorly constrained explosion epoch. This
conclusion arises from the fact that the non-detection lim-
iting magnitude is 18 mag (Oct. 21.4) while the discovery
magnitude is 17.8 mag (Oct. 28.39, Pugh et al. 2004). Such
a shallow non-detection may not give an accurate constraint
on the explosion epoch. If we consider the explosion epoch
obtained with SNID - which agrees within uncertainties with
that obtained by Taddia et al. (2018) via a fit to the photo-
spheric radius before rmax - the trjse agrees with that of the
rest of the SNe IIb sample. Examining the other parame-
ters defined in this work we notice that Amyp_39 seems to
be positioning this object among SNe II but not dm;. These
two parameters account for steepness of the light curve but
dm; is independent of the explosion epoch and thus it is not
affected by any possible error in the determination of the ex-
plosion epoch. The value of dmj for SN 2004ff is consistent
with the rest of the SN IIb population. Finally, if the explo-
sion epoch is wrong, the light curve would look like those of
typical SNe IIb (with typical fise and Amgg_30), but shifted
in time. Therefore we conclude that it is not a transitional
event.

6.3.3 The Type II SN 2001fa and Type I1I1(?) SN 2007fz

These two objects are not included in our sample but they
are in the Faran et al. (2014) sample. Those authors stud-
ied 11 fast declining hydrogen-rich SNe II and argued that
SN 2001fa and SN 2007fz (shown in their Figure 8) could be
transitional events between SNe II and SNe IIb. Given that
within our sample we find a lack of transitional events, we
decided to examine these two SNe in more detail. In Fig. 9
the light curves of SN 2001fa and SN 2007fz are plotted in
comparison to the SN IT and SN IIb samples analyzed in our
work.

The resampled light curve of SN 2001fa appears to be
more consistent with the overall morphology of SN II than
SN IIb light curves, showing a small “plateau” (however the
cadence of the photometry at these epochs is not optimal).
In addition, according to SNID SN 2001fa is consistent with
it being a SN II, and therefore we conclude that this is not
a transitional event.

The resampled shape of the light curve of SN 2007{z is
compatible with those of SNe ITb. The V-band rise time (18.2
days) is also consistent with SNe IIb. Regarding the spectra,
Faran et al. (2014) argued that they were similar to those
of SNe II. To test this we decided to run the four available
spectra through SNID (after removing the narrow emission
lines of host galaxy contamination). The SNID classification
output is not conclusive as for the first three spectra the best
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Figure 9. Resampled light curves normalized with respect to the
V-band peak magnitude, SNe II are plotted in red dotted lines
while SNe IIb are plotted in cyan dash-dot lines. In green solid
lines is SN 2001fa (the photometric data points were added as
green crosses to show the sparse sampling after 20 days) and in
blue dashed lines SN 2007fz.

match is a SN IIb, while for the last one the best match is
a SN II. We further examined this last SNID classification
output and notice that the SNe II templates match quite
well the Ha emission for the studied spectra but they do
not match the Ha absorption nor the He lines. On the con-
trary, the SNe IIb templates show an additional dip in the
Ha emission that is not seen on the studied spectra (as de-
scribed by Faran et al. 2014) but, match well both the Ha
absorption and the He lines. We conclude that SN 2007{z is
most probably a Type IIb SN and not a SN II (as claimed
by Faran et al. 2014).

6.4 SNe IIb without observed maxima

In Section 1 it is stated that only SNe IIb with data points
around maximum are considered. This could introduce a
sample bias because there may be SNe IIb with shorter rise
times where the rise was not observed because it occurred
sooner after explosion. Therefore, we searched the Open Su-
pernova Catalog (Guillochon et al. 2017) for SNe IIb that
met the same criteria we use to select our sample but without
observed photometric data points around maximum light.
We found two objects (see Table A3) that satisfied these re-
quirements. The explosion epoch and date of maximum light
were obtained by spectral matching using SNID as described
in Sections 3.1 and 3.2. The mean fs for these objects V-
band is 19.6 days, which is consistent with our results. Even
though these are only two examples, the result suggests that
our photometric selection criteria are not driving our results
on the significant differences in rise times between SNe II
and SNe IIb.

7 CONCLUSIONS

We present a morphological analysis of B-, V- and r-band
light curves for 95 SNe (73 SNe II and 22 SNe IIb). Over-

MNRAS 000, 1-18 (2018)

all, we conclude that the two samples show distinct light-
curve shapes and seem to form a bimodal distribution in
all the defined parameters. In the V-band a f of 17d,
Amgg_3o of 0.4mag, dm; of 0.05mag-day~! and |dmy| of
0.003mag-day~2 serve as an approximate threshold between
both types of SNe. In the B-band these thresholds are tjse =
13.7d, Amag_30 = 0.6mag, dm; = 0.09mag-day~! and |dmy| =
0.006mag-day 2. Finally in the r-band, fse = 18.8d, Amap_30
= 0.3mag, dm; = 0.04mag-day~! and |dm;| = 0.002mag-day >
can be used as thresholds, with lower values correspond-
ing to SNe IT and higher (absolute) values corresponding to
SNe ITb.

These results argue against a continuum of observed
properties between SN II an SN IIb. Our main conclusions
are:

e The clear separation seen between both SN types sug-
gests that they may arise from distinct progenitor channels.
Alternatively, even if they share a common origin, there must
be a physical property (or a combination thereof) that un-
der a continuum variation produces a sudden change in the
resulting SN properties.

e All the studied parameters are on average larger for
SNe IIb. Larger dm; indicates that their post peak decline
is steeper than that of SNe II. Larger |dmj;| indicates that
their change after the first decline post maximum is more
pronounced than that of SNe II.

e Our findings agree with the recent claims that SNe II
form a single continuous family (Anderson et al. 2014,
Sanders et al. 2015, Galbany et al. 2016, Rubin & Gal-Yam
2016). They also agree with the observed separation between
SNe II and IIb previously suggested by Arcavi et al. (2012)
and hinted by Rubin & Gal-Yam (2016) when they mention
that the outliers in their SNe II study are consistent with
type IIb objects.
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Comparison between light curves of SN II and SN IIb
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Comparison between light curves of SN II and SN IIb
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Figure A1l. Resampled light curves normalized with respect to Figure A2. Resampled light curves normalized with respect to
the B-band peak magnitude, SNe II are plotted in red dotted the r-band peak magnitude, SNe II are plotted in red dotted
lines while SNe IIb are plotted in cyan dash-dot lines. Top panel: lines while SNe IIb are plotted in cyan dash-dot lines. Top panel:
phase with respect to explosion epoch. Bottom panel: phase with phase with respect to explosion epoch. Bottom panel: phase with
respect to date of maximum light respect to date of maximum light
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plotted in cyan dash-dot lines. Top panel: first derivative. Bottom plotted in cyan dash-dot lines. Top panel: first derivative. Bottom
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Figure A5. Models of a 18 Mg progenitor with different values
of the wind efficiency (17), considering an explosion energy of 1 foe
and %°Ni mass of 0.02 M. A model without mass loss by winds
(7=0.0) is shown for comparison. My denotes the final mass (pre-
explosion) of the progenitor. Top panel: Bolometric light curves.
Bottom panel: Initial density profiles.
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