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Abstract

We present the summary of the analysis of the optical observational data of the type IIb
SN 2013df from a few days to about 250 days after explosion. SN 2013df presents a double-
peak optical light curve that is similar to those of SNe 1993J and 2011fu although with
different decline and rise rates. From the modelling of the pseudo-bolometric light curve,
which includes UV data taken by SWIFT, we have estimated a total mass of synthesised
56Ni in the explosion of ∼ 0.1 M�, while the ejecta mass is 0.8–1.4 M�, and the explosion
energy 0.4–1.2 × 1051erg. In addition, we have estimated a lower limit to the progenitor
radius ranging from 64 − 169 R� and the spectral evolution indicates that SN 2013df had
a hydrogen envelope similar to SN 1993J (∼ 0.2 M�). The line profiles in nebular spectra
suggest that the explosion was asymmetric with the presence of clumps in the ejecta, while
the [O i] λλ6300, 6364 luminosities, may indicate that the progenitor of SN 2013df was a
relatively low mass star ( ∼ 12− 13 M�).

1 Introduction

Massive stars (MZAMS > 8 M�; see e.g., [9]) usually end their lives exploding as Core-
Collapse Supernovae (CC-SNe) leaving behind a compact remnant (neutron star or black
hole depending on the mass of the star that exploded). The stellar configuration prior to
explosion is what leads to the different observational sub types of CC-SNe. Specifically, type
IIb SNe are thought to arise from the explosion of stars that had retained a small part (a
few tenths of M�) of their hydrogen layer, and along with type Ib and Ic SNe belong to the
so-called stripped-envelope SNe category [6].The reason why type IIb SN progenitors have
lost most of their hydrogen envelope prior to exploding is unclear, although two scenarios are
contemplated: 1) Transfer of most of the stellar envelope of the progenitor to a companion star
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(see e.g. [5]); 2) Mass loss due to stellar winds [20, 16] Type IIb SNe are relatively infrequent
events. Their rate among a volume limited sample of 81 type II SNe was estimated by [12] to
be 11.9%+3.9

−3.6. Additionally, the Asiago SN catalogue lists about 86 type IIb SNe 1 but only a
few of them have been extensively monitored. The main characteristic of this subtype of SNe
is the transition showed in their spectra from being dominated by hydrogen at early phases,
to predominance of He i features at later times [7]. Concerning their light curves (LCs), some
type IIb SNe present clear double-peaked LCs in all optical bands, as in the case of SN 1993J
(see e.g. [17]) and SN 2011fu [11]. Other IIb SNe show the first peak only in some of their
optical and UV bands, e.g. SNe 2008ax [18] and 2011dh [1]. This is probably due to the
short duration of the first peak in these SNe that can be missed by observations.

SN 2013df, having coordinates α = 12h26m29s.33 and δ = +31o13′38.“3 (J2000), was
discovered in the galaxy NGC 4414 by F. Ciabattari and E. Mazzoni of the Italian Super-
novae Project (ISSP)2, on 2013 June 7.87 UT [4]. A spectrum of SN 2013df taken soon after
discovery (2013 June 10.8 UT) showed characteristics of a type II supernova resembling early
spectra of the type IIb SN 1993J [4]. The analysis of Hubble Space Telescope (HST) archival
images led to the detection of the probable yellow supergiant progenitor of the supernova, the
results are presented in [24] together with some early time SN data. Here we present the most
important results of the analysis of our optical photometric and spectroscopic follow-up data
for SN 2013df spanning from a few days up to 250 days after explosion (see [14] for details of
the instrumental set-ups used in the acquisition of our data of SN 2013df, as well as the data
reduction process and the detailed analysis of the complete data set). The distance modulus
and recession velocity of the SN as well as the reddening in its line of site, and the explosion
epoch adopted throughout this work are summarized in Table 1, (see also [14] for more de-
tails). The monitoring of SN 2013df from early to late time after explosion, has offered us
a unique opportunity to investigate the evolution of the observed properties of a relatively
nearby double-peaked type IIb SN, and for which the plausible progenitor has been identified.

2 Photometric Results

SN 2013df was observed in the optical UBVRI and ultraviolet UVW2, UVM2, UVW1 bands.
Since we do not have NIR data we assumed a NIR contribution to the pseudo-bolometric
LC equal to that of SN 1993J. In the left panel of Fig. 1 we present the comparison of the
computed optical-NIR pseudo-bolometric light curves of several type IIb SNe with that of
SN 2013df. The overall shape of the LC of SN 2013df is similar to those of SNe 1993J and
2011fu since it presents two peaks. The first peak of the LCs of IIb SNe is attributed to
shock wave heating of the hydrogen envelope of the progenitor star, while the longer lasting
secondary peak is powered by the decay of 56Ni [25]. As can be seen in the figure, SN 2013df
has a slower cooling phase after the first peak than SN 1993J. The secondary peak luminosity
of SN 2013df lies between those of SN 2011dh and SN 1993J, while the LC width seems smaller
following standard light curve interpretation [2] . This suggests that the ejected 56Ni mass of

1http://sngroup.oapd.inaf.it
2http://italiansupernovae.org/en.html
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SN 2013df should lie between those of SNe 2011dh and 1993J while the ejecta mass should
be lower than for those two SNe. At late phases, the LC tail follows the trend of SN 1993J
although the slope is a bit steeper and this again could indicate a lower ejecta mass than
for SN 1993J. In order to derive the explosion parameters of SN 2013df, we have modelled
the bolometric light curve as described in [23], the results of which are presented in Table 1.
The derived 56Ni and ejecta masses are consistent with the comparison to other type IIb SNe
(see also Table 7 of [14]). In the left panel of Fig. 1 we have represented the UV-optical-NIR
pseudo-bolometric LC of SN 2013df together with its best fitting model.
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Figure 1: Left panel: Pseudo-bolometric optical-NIR LC of SN 2013df compared to those
of other type IIb SNe. Right panel: Pseudo-bolometric UV-optical-NIR LC of SN 2013df
compared to its best fit model. For clarity, we have zoomed in on the light curves up to
phase ∼ 40 d in the upper right corner of the panels.

Table 1: Adopted characteristics and derived explosion parameters of SN 2013df.
Explosion epoch µ Rec.Velocity E(B-V) Ekin

56Ni mass Mej

(+2400000) (mag) (km s−1) (mag) (1051erg) (M�) (M�)
56450.0± 0.9 31.65± 0.30 716± 6 0.10± 0.02 0.4− 1.2 0.10− 0.13 0.8− 1.4

3 Spectroscopic Results

Our spectral sequence of SN 2013df covers the evolution from 9 up to 243 days post explosion,
with a seasonal visibility gap between 42 and 183 days. It is shown in Fig. 2 together with
the identification of the most prominent lines. In the spectrum at 9 days (that is near the
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minimum after the first peak in the LCs), we identify a clear P-Cygni Hα feature and an
absorption component of Hβ at around 4700 Å. Both the absorption components of Hα and
Hβ exhibit a flat-bottom profile indicating the presence of a thick expanding H shell [3]. The
spectrum at 42 days presents a significant decrease in flux at blue wavelengths compared
to earlier data. The Hα line diminished by a factor of 4 approximately, while He i lines
increased in intensity with respect to the preceding spectra by a factor of 1.3 approximately.
Furthermore, the He i features at λ6678 and λ7065 respectively, can be identified in this
spectrum [22, 8] while they were absent in the previous spectra. The last two spectra of our
sequence, taken at phases of 183 and 243 days after explosion, exhibit a relative increase
in flux at blue wavelengths as well as strong lines of [O i] λλ 6300, 6364, [Ca ii] λλ7291,
7324, O i λ7774, and Ca ii NIR. We also identify Na i around 5890Å possibly contaminated
by residual He i λ5876, and Fe ii around 5000 Å [22, 13, 19]. We believe the features around
6500-6600Å and 6700-6800Å might be associated to Hα emission emerging after asymmetric
ejecta-circumstellar material interaction (see [21]). Overall we find SN 2013df’s spectra most
similar to those of SN 1993J at coeval phases (see Fig. of [14]), this is specially so for the
hydrogen lines.

Figure 2: Left panel: Optical spectral evolution of SN 2013df, where the most relevant features
in the spectra are indicated. Telluric features have been marked with ⊕. The spectra have
been corrected for the host galaxy redshift. Epochs indicated in the plot are with respect to
our assumed explosion date of JD = 2456450.0 ± 0.9. Spectra have been shifted vertically
for clarity. Right panel: Early evolution of the velocities of Hα and He i λ5876 for IIb SNe
2013df, 1993J and 2008ax and 2011dh.

In the right panel of Fig. 2 we show the evolution of the expansion velocities of Hα
and He i λ5876, derived from the positions of the minima of the P-Cygni absorptions, for
SNe 2013df, 1993J, 2008ax, and 2011dh. These velocities give an idea of the velocities of the
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shells where the lines are forming. As can be seen in the figure, there is an overall similar
trend among the different SNe. Although the Hα velocities are somewhat lower than for the
rest of the SNe, while the He i λ5876 velocities seem to exhibit higher values and a steeper
gradient.

An analysis of the profiles in the nebular spectra of the SN has permitted us on one
hand distinguish some substructure (due to clumping in the ejecta) underlying the global
components of the [O i] λλ 6300, 6364 and [Ca ii] λλ7291, 7324 lines (see Fig. 10 of [14]). On
the other hand, the luminosities we derived from the [O i] λλ6300, 6364 line in our nebular
spectra are consistent with those of progenitors with MZAMS 12M� and 13M� [10].

4 Further constraints on the progenitor

Although the ideal way to set additional constraints on the progenitor of SN 2013df would be
through hydrodynamical modelling of the LC including the early peak, we have attempted
to do this by following the analytical prescription of [15]. According to this, the luminosity
at first peak gives the extended radius of the progenitor, from the time of the first peak the
extended mass around the extended radius may be derived, and the time of the minimum
after first peak leads to an estimate of an upper limit to the core mass of the progenitor. In
summary, we obtained that the extended radius of the progenitor of SN 2013df should have
been at least 64 − 169 R�. While the extended mass around the extended radius results
similar to that of SN 1993J (0.05− 0.09 M�). And the upper limit to the core radius results
45− 238 · 1011 cm, which is larger than those of SNe 1993J and 2011dh (that are in the range
5− 9 · 1011 cm).

5 Summary

According to the analysis of our observations, the star that exploded as SN 2013df had an
extended radius greater than 64− 169 R�, an extended hydrogen envelope whose mass was
probably similar to that of SN 1993J (MH ∼ 0.2 M�), and a MZAMS possibly around 12M�
- 13M�. In the explosion, approximately 0.8–1.4 M� was ejected with a kinetic energy of
0.4–1.2×1051erg, in addition to ∼ 0.1 M� of 56Ni being synthesised. According to our spectra,
the ejecta is possibly distributed in clumps and has plausibly suffered some interaction with
pre-explosion circumstellar material around the progenitor.

SN 2013df is the third type IIb SN presenting double-peaked light curves in all its
optical bands. In addition, its progenitor has been identified in archival images. Our analysis
of the dataset of SN 2013df hopefully contributes to the characterization of the relatively rare
type IIb CC-SNe subclass.
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