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ABSTRACT
Literature data are collated for 38 stripped-envelope core-collapse supernovae (SE SNe; i.e.
SNe IIb, Ib, Ic and Ic-BL) that have good light-curve coverage in more than one optical band.
Using bolometric corrections derived in previous work, the bolometric light curve of each
SN is recovered and template bolometric light curves provided. Peak light distributions and
decay rates are investigated; SNe subtypes are not cleanly distinguished in this parameter
space, although some grouping of types does occur and there is a suggestion of a Phillips-
like relation for most SNe Ic-BL. The bolometric light curves are modelled with a simple
analytical prescription and compared to results from more detailed modelling. Distributions
of the explosion parameters show the extreme nature of SNe Ic-BL in terms of their 56Ni mass
and the kinetic energy, however ejected masses are similar to other subtypes. SNe Ib and Ic
have very similar distributions of explosion parameters, indicating a similarity in progenitors.
SNe IIb are the most homogeneous subtype and have the lowest average values for 56Ni mass,
ejected mass, and kinetic energy. Ejecta masses for each subtype and SE SNe as a whole are
inconsistent with those expected from very massive stars. The majority of the ejecta mass
distribution is well described by more moderately massive progenitors in binaries, indicating
these are the dominant progenitor channel for SE SNe.

Key words: binaries: general � supernovae: general.

1 INTRODUCTION

Core-collapse supernovae (CCSNe) are the endpoints of massive
stars. The observable signatures of these very luminous events
exhibit strong heterogeneity, with several main subtypes existing
amongst further, poorly known or peculiar events. The main classi-
�cations are made based on spectral information. Type II SNe (SNe
II) exhibit strong, long-lasting hydrogen features in their spectra
with Type Ib SNe (SNe Ib) being hydrogen de�cient and type Ic
SNe (SNe Ic) being hydrogen and helium de�cient.1 Intermedi-
ate to this broad Ibc/II division are Type IIb SNe (SNe IIb), with
SN 1993J as the prototypical example of this class. SNe IIb ini-
tially show the strong hydrogen features that warrant an SN II
classi�cation, but subsequently evolve as an SN Ib after a period of

�E-mail: J.D.Lyman@warwick.ac.uk
1 Although this does not exclude the presence of small amounts of hydrogen
and/or helium in the pre-SN progenitors (Hachinger et al. 2012).

one to a few weeks (see Filippenko 1997, for a review of the spectral
classi�cation of SNe). A further designation of �broad-line� (BL)
is attached should the observed spectra reveal very large velocities
for the ejecta (although there is no exact value for the dividing
velocity, BL is generally assigned when a substantial fraction of
the ejecta has velocities above that of ordinary SNe Ib/c, i.e. �
14 000 km s�1). SNe Ic-BL have gathered much interest in recent
years given their association with long-duration gamma-ray-bursts
(GRBs; e.g. Galama et al. 1998; Stanek et al. 2003, see Hjorth &
Bloom 2012 for a review). The lack of detected GRBs coincident
with some SNe Ic-BL, such as SNe 2002ap (e.g. Gal-Yam, Ofek &
Shemmer 2002), 2003jd (Valenti et al. 2008), 2009bb (Pignata et al.
2011) and 2010ah (Corsi et al. 2011; Mazzali et al. 2013), would
suggest relativistic jet formation is not required to power BL SNe;
although the case of associated off-axis GRBs is possible (Mazzali
et al. 2005), for one event the geometry of the explosion makes
this a less favourable scenario (Pignata et al. 2011). SNe IIb, Ib, Ic
and Ic-BL are considered stripped-envelope SNe (SE SNe) since
they display little to no hydrogen, indicating a massive hydrogen
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envelope is not present at the point of explosion, in contrast to SNe
IIP.

The various observable signatures of CCSNe are linked to the
state of the progenitor star upon explosion. The retention or not of a
massive hydrogen envelope is dependent on the amount of mass-loss
the progenitor experiences during its lifetime. Higher mass stars or
stars in binary systems are expected to be able to shed their outer
envelopes (and therefore explode as SE SNe), either via intrinsically
high mass-loss rates for very high mass stars, or enhanced mass-loss
due to a binary companion for more modest mass stars. Metallicity
and rotation of the progenitor are also likely to increase the mass-
loss, and hence the observed SN type. Observationally, SNe II are
seen to be explosions from stars at the lower end of the massive
star range (�8�16 M�; see Smartt 2009, for a review),2 which
have not suffered suf�cient mass-loss to remove their hydrogen
envelopes. The introduction of binaries as the progenitors of at least
a fraction of SE SNe, as backed up observationally (e.g. Maund
et al. 2004; Ryder, Murrowood & Stathakis 2006; Smith et al.
2011; Folatelli et al. 2014b; Fox et al. 2014) and theoretically (e.g.
Podsiadlowski, Joss & Hsu 1992; Podsiadlowski et al. 1993; Pols &
Dewi 2002; Eldridge, Izzard & Tout 2008; Yoon, Woosley & Langer
2010; Claeys et al. 2011; Benvenuto, Bersten & Nomoto 2013;
Bersten et al. 2014; Eldridge et al. 2013) would act to wash out any
clear distinction between the masses of the progenitors, by allowing
much more modestly massive stars to be stripped of their envelopes
and making the binary parameters the dominant in�uence on the
observed SN type. The current understanding of mass-loss from
massive stars is encompassed in the review of Smith (2014), which
includes a discussion of recent SN studies that favour the majority
of SE SNe arising from binaries, with single, very massive Wolf�
Rayet stars contributing a small fraction at most. This is consistent
with studies showing most massive-stars are expected to have some
form of interaction (mass transfer, merging etc.) with a companion
during their evolution (e.g. Sana et al. 2012); this binary companion
is also likely to be a massive star (Kobulnicky & Fryer 2007; Sana &
Evans 2011), exacerbating the dearth of truly single very massive
stars.

Direct detection studies in archival imaging can reveal the prop-
erties of the SN progenitor (e.g. Van Dyk, Li & Filippenko 2003;
Smartt et al. 2004; Li et al. 2007; Gal-Yam & Leonard 2009; Van
Dyk et al. 2012; Fraser et al. 2011, 2012; Maund et al. 2011; Van
Dyk et al. 2013), but only for a very limited number of events. The
requisite proximity of the SN and existence of pre-explosion deep,
high-resolution imaging of the SN location restrict qualifying SN
numbers severely and currently there is no con�rmed progenitor
detection of an SN Ib, Ic or Ic-BL (e.g. Maund & Smartt 2005;
Crockett et al. 2007; Eldridge et al. 2013). However, the studies of
Yoon et al. (2012) and Groh, Georgy & Ekstr¤om (2013a) show that
even massive pre-SN stars are likely to be faint in optical bands,
where direct detection studies occur, meaning present limits cannot
be used to conclusively rule out very massive progenitors for SNe
Ib/c. Although a high-mass star (MZAMS � 30�40 M�) was pro-
posed as the progenitor of the SN Ib iPTF13bvn (Cao et al. 2013;
Groh et al. 2013a) based on detections in pre-explosion imaging,
the recent works of Fremling et al. (2014), Bersten et al. (2014) and
Eldridge et al. (2015) argue against a single very massive progen-

2 The observed upper bound of this mass range may be uncertain due to
mistreatment of reddening (Kochanek, Khan & Dai 2012; Walmswell &
Eldridge 2012). This may reconcile observations with hydrodynamical mod-
elling of SNe IIP, which generally infer higher masses (e.g. Utrobin & Chugai
2008, 2009; Bersten, Benvenuto & Hamuy 2011).

itor, and favour a binary origin with a lower mass progenitor from
both the pre-explosion imaging and studies of the SN light curve.
Con�rmation that the progenitor has faded in post-explosion imag-
ing, possibly revealing the putative binary companion, is awaited at
the time of writing to con�rm the nature of the progenitor system.

Due to the severely restricted numbers of direct detection studies,
other methods of SN investigation have provided new and comple-
mentary insights due to the much larger samples that can be ob-
tained. Analysis of the hosts of SNe (e.g. Prieto, Stanek & Beacom
2008; Arcavi et al. 2010; Svensson et al. 2010; Kelly et al. 2014),
the environments and metallicities of SN locations within the hosts
(e.g. Anderson & James 2008; Boissier & Prantzos 2009; Anderson
et al. 2010; Leloudas et al. 2011; Modjaz et al. 2011; Anderson et al.
2012; Kelly & Kirshner 2012; Crowther 2013), the stellar popula-
tions surrounding SNe (e.g. Kuncarayakti et al. 2013; Williams et al.
2014), and SN rates (e.g. Li et al. 2011; Smith et al. 2011) all provide
alternate means of probing the underlying progenitors populations
and investigating differences in age, metallicity, etc., between the
subtypes. Results providing constraints on the ages/masses of SNe,
generally to point to a mass sequence of increasing (average) initial
mass for the SN subtypes of II � IIb � Ib � Ic � Ic-BL, albeit
with signi�cant overlap in the mass ranges. Rates of SE SNe com-
pared to SNe II appear too high to only arise from the most massive
stars, when considering the stellar initial mass function (IMF).

The luminous transient signature of an SN is also a rich source of
information about the exploding star, as well as obviously informing
on the manner of the explosion itself. Spectra are required in the
�rst instance to type the SN, and, alongside spectral modelling codes
(e.g. Mazzali & Lucy 1993; Jerkstrand, Fransson & Kozma 2011)
and long-term monitoring, they can be used to infer the structure
and strati�cation of the ejecta and reveal bulk parameters of the SN
with good precision (e.g. Mazzali et al. 2007, 2013; Shivvers et al.
2013; Jerkstrand et al. 2015). As well as spectral information, the
bolometric light curve of an SN is a useful tool for determining the
nature of the explosion itself, and is used to correctly scale spectral
analyses. Hydrodynamical modelling of SE SN bolometric light
curves can be used to reveal the nature of the exploding stars giving
constraints on the physical properties of the star upon explosion
and the explosion parameters (e.g. Blinnikov et al. 1998; Tanaka
et al. 2009; Bersten et al. 2014; Folatelli et al. 2014a; Fremling et al.
2014).

Unlike host galaxy/environmental analyses, study of the lumi-
nous transient signature from SNe is a time critical analysis. In
order to properly infer the properties that led to the observed ex-
plosion, quick photometric and spectroscopic follow-up must occur
(and continue for several months to tightly constrain models). Given
the large SN discovery rates currently made possible by dedicated
transient surveys (e.g. PTF and iPTF, Pan-STARRS, SkyMapper,
La Silla-QUEST), such intense monitoring can only be afforded to
select a few of the most interesting and observationally favourable
events. This has meant a trade-off exists between studying individ-
ual objects with large data sets, or investigating a large number of
SNe with poorer follow-up (e.g. Hamuy 2003; Drout et al. 2011).
Cano (2013) addressed this issue by rescaling optical light curves of
SNe Ib/c, Ic-BL and GRB-SNe based on their relative peak bright-
ness and light-curve width to SN 1998bw, a very unusual SN. These
rescaled light curves provided a means to model other SNe by scal-
ing the explosion parameters found from modelling of SN 1998bw;
the assumption being made that all SNe in the sample evolve spec-
trally and photometrically in a similar manner to SN 1998bw. It was
found that SNe Ib and Ic are very similar in their explosion prop-
erties, with SNe Ic-BL and GRB-SNe exhibiting larger explosion
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energies and higher ejected masses, pointing to a different progeni-
tor channel for these SNe. They �nd results in broad agreement with
previous studies, indicating scaling relations of SN 1998bw may be
applied to other SE SNe, although the use of average photospheric
velocities (see Section 2.2) for over half of the sample of SNe incurs
large uncertainties in the results.

Here, we utilize a method that allows an SE SN to be modelled
utilizing only two-�lter optical follow-up and a peak-light spectrum.
The bolometric corrections (BCs) to core-collapse SNe of Lyman,
Bersier & James (2014, hereafter LBJ14) are used to provide a
consistent, robust and accurate method of creating fully bolometric
light curves for a large number of SE SNe from their optical colours.
An analytical model (Arnett 1982; Valenti et al. 2008) is used to
provide estimates of the bulk parameters of the explosions, �tted
to each SN individually, which discern the nature of the progenitor
system upon explosion.

Section 2 introduces the sample and describes the method of
creating the bolometric light curves and the analytical method em-
ployed. Results are then presented and discussed in Sections 3 and
4, respectively.

2 METHOD

2.1 SN sample and data

BCs to CCSNe subtypes (SE and SNe IIP) are presented in LBJ14.
The spectral energy distributions of a sample of literature SNe with
ultraviolet, optical and near-infrared coverage (with corrections for
�ux outside the observed wavelength regime) were integrated and
correlated with optical colours of the SN, to provide an accurate
(rms <0.1 mag) method of determining the bolometric light curve
of an SN with a polynomial �tted to optical colour. Since a method
of creating bolometric light curves from just optical colours has
been formulated, the creation of bolometric light curves is now not
limited to those SNe with extended photometric coverage, but rather
is possible for an SN with coverage in just two optical bands. Ad-
ditional to this, distance and reddening determinations are needed
in order to convert to luminosity and correct for the effects of dust.

The sample consists of literature SE SNe that have good light-
curve coverage in at least two bands from which to construct a
colour, which is in turn used to derive the BC. Here, the require-
ment of �good� coverage refers to capturing at least the peak of the
light curve (and preferably epochs on the rise) and at least several
epochs within the next �60 d, extending at least 15 d past peak.
Additionally, an optical spectrum near peak is required. We restrict
our SNe to low redshift in order to avoid the need for K-corrections
(see LBJ14). The sample consists of 9 IIb, 13 Ib, 8 Ic and 8 Ic-BL.
The SN names, types, reddening values, distance moduli (to host)
and colour(s) used for the BCs are presented in Table 1.

Photometric data were extracted from the literature for SNe in the
sample (see references in Table 1). The same methods of light-curve
dereddening and interpolation were employed as in LBJ14, in order
to obtain values of simultaneous observations in the chosen �lters,
which give the colour. Extrapolations were not used for this analysis.

The reddening-corrected values of the chosen colour (see Table 1)
were then fed into the BC polynomial �ts of LBJ14 in order to
recover the bolometric light curve. Some SNe were observed in a
combination of Johnson�Cousins and Sloan optical �lters � new
BCs for these combinations were calculated following the method
and data of LBJ14, the parameters for these new �ts can be found
in Table 2, with the corresponding �ts for SNe II also presented for
interest.

The resulting BC was then applied to the appropriate SN light
curve (e.g. for colour B � I, the BC is applied to the B-band light
curve). Using the distance modulus, we can convert mbol to Mbol and
�nally to Lbol. For clarity in plotting, nearly contemporaneous data
have been combined by averaging any epochs within 0.2 d of each
other.

The results provide the largest sample of bolometric light curves
for SE SNe thus far, on which a simple analytical model can be
applied, in order to extract estimates for the explosion parameters.

2.2 The analytical model

The analytical model is based on that of Arnett (1982), and is appro-
priate for SE SNe, where the light curve is powered predominantly
by the decay of 56Ni (i.e. excluding interacting SNe). The model is
�t over the photospheric phase, during the optically thick phase of
the ejecta (up to �1�2 months after explosion, depending on the
evolution-speed of the SN). The bolometric output is described by
the model, and as such the model should be �tted to a bolometric
light curve, with an additional constraint required in the form of a
characteristic velocity of the ejecta (Section 2.2.1). From this sim-
ple analytical �tting, estimates of the mass of nickel synthesized
(MNi) and the mass and kinetic energy of the ejecta (Mej and EK,
respectively) can be made.

Naturally an analytical approximation requires some simplifying
assumptions. These are listed in Arnett (1982) and Valenti et al.
(2008), with brief discussion given here (see also discussion in
Cano 2013).

(i) The radius is small at the onset of explosion. Although this is
appropriate for most SE SNe progenitors, which have radii �R�,
up to �10 R� (but see Yoon et al. 2010), it may not be appropriate
for some cases where an extended, low-mass envelope is present
(e.g. SN 1993J, 2011hs), which can affect the light curve shortly
after explosion. To minimize the impact of this very early signature
on the overall light-curve model, very early data are not �t in our
method.

(ii) Homologous expansion with spherical symmetry (V � R). SE
SNe show evidence for some degree of asphericity of the ejecta, as
gleaned from double-peaked nebular emission features (Maeda et al.
2008).

(iii) A constant opacity (�opt). In reality, this is dictated by the
density and composition of the ejecta, and should therefore evolve
with time. Here, �opt is set to be 0.06 cm2 g�1 (e.g. Maeda et al.
2003; Valenti et al. 2011).

(iv) Centrally concentrated 56Ni. The amount of mixing will af-
fect the rise time of the SNe since radiation from high-velocity (i.e.
further out in radius, given homologous expansion) 56Ni will have
a shorter diffusion time (Maeda et al. 2003; Dessart et al. 2012). 3D
modelling has shown that a small fraction of high-velocity 56Ni is
not uncommon in SNe, although the bulk is generally located close
to the centre (e.g. Hammer, Janka & M¤uller 2010).

(v) The decay of 56Ni and 56Co power the light curve. These
radioactive isotopes represent the main source of energy of an SE
SN, dominating the luminosity evolution for many months.

In the model, the photospheric-phase luminosity of an SN is
described by equation A1 of Valenti et al. (2008), an update of
the original Arnett (1982) model. The equation is �tted with two
light-curve parameters, MNi and �m, which is given by

� 2
m =

2�optMej

�cvsc
. (1)
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Table 1. Data for SNe used to create bolometric light curves References: (1) Richmond et al. (1994); (2) Matthews et al.
(2002, and IAU circulars within); (3) Matheson et al. (2000); (4) Richmond et al. (1996); (5) Qiu et al. (1999); (6) Clocchiatti
et al. (2011); (7) Benetti et al. (2011); (8) Stritzinger et al. (2002); (9) Mattila, Meikle & Chambers (2002); (10) Hasubick &
Hornoch (2002); (11) Riffeser, Goessl & Ries (2002);(12) Motohara et al. (2002); (13) Gal-Yam et al. (2002); (14) Takada-
Hidai, Aoki & Zhao (2002); (15) Yoshii et al. (2003); (16) Foley et al. (2003); (17) Hamuy et al. (2009); (18) Valenti et al.
(2008); (19) Taubenberger et al. (2006); (20) Drout et al. (2011); (21) Tominaga et al. (2005); (22) Modjaz (2007); (23)
Mirabal et al. (2006); (24) Bianco et al. (2014); (25) Stritzinger et al. (2009); (26) Hunter et al. (2009); (27) Sahu et al. (2009);
(28) Roy et al. (2013); (29) Modjaz et al. (2009); (30) Taubenberger et al. (2011); (31) Pastorello et al. (2008); (32) Tsvetkov
et al. (2009); (33) Pignata et al. (2011); (34) Valenti et al. (2011); (35) Olivares et al. (2012); (36) Valenti et al. (2012); (37)
Ergon et al. (2014); (38) Bufano et al. (2014) (39) Fremling et al. (2014).

SN name Type E(B � V)tot Distance modulus Colour used Refs.
(mag) (mag)

1993J IIb 0.194 27.81 – 0.12 B � I 1�3
1994I Ic 0.3 29.60 – 0.10 B � I 4
1996cb IIb 0.03 31.00 – 0.31a B � R 5
1998bw Ic-BL 0.065 32.89 – 0.15 B � I 6
1999dn Ib 0.10 32.95 – 0.11 B � I 7
1999ex Ib 0.3 33.42 – 0.25 B � I 8
2002ap Ic-BL 0.09 29.50 – 0.14 B � I 9�16
2003bg IIb 0.02 31.68 – 0.14 B � I 17
2003jd Ic-BL 0.144 34.46 – 0.20 B � I 18
2004aw Ic 0.37 34.17 – 0.19 B � I 19
2004dk Ib 0.337 31.81 – 0.18 V � R 20
2004dn Ic 0.568 33.54 – 0.16 V � R 20
2004fe Ic 0.315 34.29 – 0.15 V � R 20
2004ff IIbb 0.302 34.82 – 0.16 V � R 20
2004gq Ib 0.253 32.07 – 0.45 V � R 20
2005az Icb 0.441 32.96 – 0.21 V � R 20
2005bf Ib-pec 0.045 34.50 – 0.27 B � V 21
2005hg Ib 0.685 34.67 – 0.15 B � i 22
2005kz Ic-BL 0.514 35.30 – 0.15 V � R 20
2005mf Ic 0.398 35.27 – 0.15 B � i 22
2006T IIb 0.075c 32.58 – 0.19 B � i 22
2006aj Ic-BL 0.142 35.81 – 0.10 B � I 23
2006el IIb 0.303 34.23 – 0.21 V � R, V � id 20
2006ep Ib 0.035c 33.84 – 0.20 B � i 22,24
2007C Ib 0.682 31.99 – 0.25 V � R 20
2007Y Ib 0.112 31.36 – 0.14 B � i 25
2007gr Ic 0.092 29.84 – 0.16 B � I 26
2007ru Ic-BL 0.27 34.15 – 0.10 B � I 27
2007uy Ib 0.63 32.40 – 0.15 B � V, B � Ie 28
2008D Ib 0.6 32.46 – 0.15 B � I 29
2008ax IIb 0.4 29.92 – 0.29 B � I 30,31,32
2009bb Ic-BL 0.58 33.01 – 0.15 B � I 33
2009jf Ib 0.117 32.65 – 0.10 B � I 34
2010bh Ic-BL 0.507 36.90 – 0.15 g � i 35
2011bm Ic 0.064 34.90 – 0.15 B � I 36
2011dh IIb 0.07 29.46 – 0.10 B � I 37
2011hs IIb 0.17 31.85 – 0.15 B � I 38
iPTF13bvn Ib 0.07 31.76 – 0.30 B � I 39

Notes. aTaken from NED.
bUpdated SN classi�cations, presented in Modjaz et al. (2014), are used.
cGalactic extinction only.
dThe V � R correction was used for the rise to peak, with V � i used for the peak and decline.
eThe B � V correction was used for early Swift data, with B � I used for subsequent ground-based data.

Table 2. BCs for new �lter combinations following method of LBJ14.

SE SNe SNe II
x y x � y range c0 c1 c2 rms x � y range c0 c1 c2 rms

B i �0.581 to 1.769 �0.186 �0.412 �0.172 0.061 �0.392 to 2.273 �0.155 �0.450 �0.167 0.023
V i �0.933 to 0.504 0.095 �0.320 �0.102 0.093 �0.391 to 0.658 0.181 �0.212 �1.137 0.044
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� � 13.8 is a constant, and c is the speed of light. vsc is the
scale velocity of the SN, which is observationally set as the photo-
spheric velocity at maximum light (vph). As also noted by Wheeler,
Johnson & Clocchiatti (2015), the initial relation for the scale ve-
locity given by Arnett (1982, equation 54) is incorrect due to a
typographical error � this error has been carried over into some sub-
sequent studies using the model. With the simplifying assumptions
of a constant density sphere undergoing homologous expansion, the
relation should be

v2
sc � v2

ph =
5
3

2EK

Mej
. (2)

The direct relation between �m, Mej and EK is therefore given by

�m =
�

�opt

�c

�0.5
�

�
M3

ej

Ek

�0.25

, (3)

where � = 6/5. In Valenti et al. (2008), � is incorrectly given as
10/3, through propagation of the incorrect numerical factor (cf. their
equation 2 and equation (2) � note that an exponent of two is also
missing on vph in their equation). Although Mej, determined from
the photospheric phase, is related directly from the observed values
of vph and �m, and thus not affected by this discrepancy, calculating
EK is. Where the typographical error is propagated in the literature,
estimates of EK from the model should be revised down by a factor
25/9 (= 5

3 / 3
5 ). However, this then results in a change (increase) in the

ratio Mej/EK determined during the photospheric-phase. This fur-
ther means that results from the two-zone nebular phase model
(>60 d post-explosion; see Valenti et al. 2008, section 9 and
appendix A and references therein for a description of this model)
for SE SNe is affected. The nebular phase model accounts for a high-
density inner component of the ejecta that is not emergent during
the photospheric phase, in addition to the contribution of the ejecta
component determined by the photospheric model. The time-scale
of decay for the model is dictated by Mej/EK (Valenti et al. 2008,
equations A10 and A11). The equations in the nebular model are
separate from those of the photospheric model and thus their form
is not explicitly affected by the typographical error. However, since
a component of the nebular model is reliant on Mej/EK determined
during the photospheric phase, the effects of the typographical error
affect the �tting of the nebular phase model. We do not consider
the nebular component here as we could not obtain satisfactory �ts
using the corrected formula. The primary issue was that the nebular
phase model remained too bright (even when neglecting a further
contribution from the inner, high-density component). This arises
since an increase in Mej/EK means the time-scale for the evolution
of the incomplete trapping of gamma rays becomes extended. For
this reason, we take only values for MNi, Mej and EK derived from
the photospheric-phase.

The photospheric phase of each light curve was �tted for MNi and
�m (equation 1). �m was decomposed to Mej and EK using vph of
the SN and equation (2). Photospheric data were only �t beginning
�10 d before peak, determined by early light-curve coverage. When
�tting the model, data prior to 10 d before peak are not included in
the �t since the assumptions in the model may not be appropriate.
For example, an extended envelope can imprint on the rising light
curve through cooling emission, post-shock-breakout. By restricting
the time-range �tted, we become largely insensitive to the progenitor
radius, and model only the 56Ni and 56Co powered emission, but we
note that the contribution of any thin, extended envelope would not
be included in our resulting parameters. The �tting of the analytical

functions to the light-curve data was done via the CURVE_FIT function
in SCIPY.

2.2.1 Determining scale velocity of SNe

SNe exhibit strong P-Cygni line pro�les in their spectra due to the
fast moving ejecta. This causes absorption that is blueshifted by the
velocity of the absorbing material relative to the rest wavelength of
the spectral line. Due to the strati�cation of the ejecta and homolo-
gous expansion, elements towards the outer layers of the ejecta (e.g.
helium and calcium) can exhibit large velocities compared to heav-
ier, more centrally concentrated elements. Two elements chosen to
better trace the photospheric velocity are silicon and iron, with Si II

�6355 and the Fe II set of lines clustered around 4500�5200 ¯ used.
Practically, the measurements of vph consist of a simple Gaus-

sian �tting procedure to the absorption features of a wavelength-
and �ux-calibrated spectrum of the SN taken on or near peak, ob-
tained from WISeREP (Yaron & Gal-Yam 2012)3 and Modjaz et al.
(2014), performed in the IRAF package SPLOT. This was performed for
individual Fe II lines (Fe II �4924, Fe II �5018, Fe II �5169), before
averaging these values to obtain a value of vph. In the case where
Fe II lines could not be accurately measured (e.g. strong line blend-
ing or no spectral coverage at those wavelengths), the Si II �6355
feature was measured. When data were not available for an SN (i.e.
we could not obtain a spectrum to analyse), we relied on values
for vph that were found by other authors in the literature. These
literature vph values were typically found using a similar Gaussian
�tting technique or through spectral �tting. Measurements from this
simple Gaussian-�tting method were found to agree well with those
from detailed spectral �tting codes in the cases where a comparison
was possible. Both methods have uncertainties of �1000 km s�1,
which we take as a �ducial minimum uncertainty on our measure-
ments (an additional uncertainty based on the epoch of the spectrum
relative to peak is also added, see Section 3.3.1). This uncertainty
arises from the data quality as well as the broad-featured character-
istic of SNe spectra at maximum light � velocities of at least several
thousands of km s�1, as is seen for CCSNe, make line blending
an issue and it is often the case that one cannot attribute a sin-
gle absorption feature to one speci�c transition. Similarly, nearby
emission from other transitions will also impact on the shape of
the absorption feature, affecting the Gaussian �t and, ultimately,
the photospheric velocity derived. Finally, in the absence of appro-
priate data or literature value for an SN, as was the case for SN
2005 kz, vph was taken to be the mean vph for the SN�s type from
the rest of the sample. Branch et al. (2002) provide a power-law �t
to their estimates of the variation with time of vph values for SNe Ib
(as determined from Fe II lines). The value at peak of this power
law, �9000 km s�1, is in good agreement with the average SN Ib
vph of 9900 km s�1 found here, given the uncertainties. The values
of Mej and EK derived for SN 2005kz using this average vph are
clearly susceptible to a larger systematic uncertainty, but the 56Ni
mass is unaffected.

3 RESULTS

3.1 Bolometric light curves

The bolometric light curves are presented in Fig. 1. The time and
peak of each light curve (tpeak and Mpeak, respectively) were found

3 http://www.weizmann.ac.il/astrophysics/wiserep/
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Bolometric light curves of SE SNe 333

Figure 1. Bolometric light curves of SE SNe (top). The peak-normalized light curves are also displayed (bottom). Error bars are indicative of the uncertainty
of the BC only, which is found by taking the uncertainty in the colour and translating that as an error on the BC �ts. Distances, for example, will be a source
of uncertainty in the top plot.
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with a low-order polynomial, �tted to data around peak. The di-
versity of SE SNe becomes apparent from these plots. A roughly
continuous spread over �3 mag is observed in Mpeak; interestingly,
two SNe Ib encompass the extremes of the spread, ranging from SN
2007Y4 at Mpeak � �16.3 to SN 2005hg at Mpeak � �19.2.5 This
spread in Mpeak is similar to that found by Drout et al. (2011) in
their V- and R-band light curves when considering the overlapping
sample. It should be noted that the photometry of SNe taken from
Drout et al. (2011) may be systematically brighter than the intrinsic
brightness of the SN since host-subtraction is not performed (Bianco
et al. 2014), however we include only photometry from their �gold�
sample here, which appear more in agreement with host-subtracted
photometry (Bianco et al. 2014), and remove very late-time data for
SNe 2004dn and 2005mf, where �attening of the light curves was
observed. As such, we consider this potential contamination to not
signi�cantly affect results or discussion.

The decline rates of the sample vary greatly; the speed of the
evolution is parametrized by �m15,bol, which is the number of mag-
nitudes from peak; the bolometric light curve has declined by 15 d
after peak (values were found from polynomial �ts to the light
curves). SN 1994I, despite being often cited as a �prototypical�
SN Ic, has unusually fast evolution, as has been previously noted,
with �m15,bol=1.37 calculated here. SN 2011bm displays the slow-
est evolution, with �m15,bol=0.20. The evolution speeds appear to
form a continuum, as is evident from the bottom panel of Fig. 1,
although SNe 1994I and 2011bm are noticeably displaced from the
extremities of the distribution. Perhaps unexpectedly, a XRF-SN,
SN 2010bh, is exceeded only by SN 1994I in terms of speed of
evolution. This extremely fast evolution was noticed by Cano et al.
(2011) and Olivares et al. (2012), but is highlighted here when com-
pared to many other SE SNe. Such fast evolution is at odds with the
perception of GRB/XRF-SN progenitors being very massive when
considering the analytical form of SE SN light curves, since the
time-scale of the evolution is directly related to Mej (equation 1).
The �m15,bol values here are similar to the spread of preliminary
values found for V, r and i bands by Bianco et al. (2014, see also
Walker et al. 2014), whereas the values they �nd for bluer (redder)
�lters are systematically larger (smaller) than the average value for
the bolometric light curves, indicative of the relative decline rates
of these individual bands when compared to the bolometric light
curve. No statistical distinction of the various subtypes can be made
in �m15,bol, as was shown for the V and R band by Drout et al.
(2011).

To investigate any possible correlation between light-curve peak
and decline rate in SE SN bolometric light curves, �m15,bol values
are plotted against Mpeak in Fig. 2. There appears to be a dearth of
bright, slowly evolving and fast-and-faint SN, but the Spearman�s
rank coef�cient (0.633) is not signi�cant enough to reject the case
of no correlation. There appears to be no reason why bright, slowly
evolving SNe would be missed in surveys compared to quicker
evolving events at similar luminosities, and it may indeed indicate
that events such as SNe 2005kz and 2011bm are intrinsically rare.6
Conversely, fainter, quickly evolving SNe (such as events similar to

4 The classi�cation of SN 2007Y as an Ib has been questioned by Maurer
et al. (2010) and Folatelli et al. (2014a), where detections of H 	 would
favour a IIb classi�cation.
5 The classi�cation of SN 2005hg was originally made as an SN Ic (Modjaz
et al. 2005a), before the detection of He lines by Modjaz et al. (2005b).
6 Another slowly evolving literature example is SN 1997ef � a very energetic
SN Ic-BL (Mazzali, Iwamoto & Nomoto 2000), however this SN was not
particularly bright, with MR � �17.2 (Iwamoto et al. 2000). It is omitted in
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3.3 Explosion parameters

The results of the analytical modelling are given in Table 5, and
some example �ts are shown in Fig. 4.

As mentioned in Section 2.2, the propagation of a typographi-
cal error in the literature means some estimates of EK, those that

used the incorrect form, will be larger, with Mej values also affected,
depending on the speci�c model employed. Explosion parameter es-
timates here were found to broadly agree with those in the literature
where an analytical model was applied to the SN (e.g. Taubenberger
et al. 2006, 2011; Soderberg et al. 2008; Valenti et al. 2008, 2011;

Table 5. Results of explosion parameter modelling for SE SNe. (1) Utrobin (1994); (2) Woosley et al. (1994); (3) Young, Baron & Branch (1995); (4) Iwamoto
et al. (1994); (5) Young et al. (1995); (6) Sauer et al. (2006)b; (7) Iwamoto et al. (1998); (8) Nakamura et al. (2001); (9) Stritzinger et al. (2002); (10) Mazzali
et al. (2007)b; (11) Mazzali et al. (2009)b; (12) Maeda et al. (2007)b; (13) Mazzali et al. (2006a)b; (14) Stritzinger et al. (2009)b; (15) Mazzali et al. (2008)b;
(16) Tanaka et al. (2009); (17) Hachinger et al. (2012)b; (18) Maurer et al. (2010)b; (19) Bersten et al. (2012); (20) Shivvers et al. (2013)b; (21) Bufano et al.
(2014); (22) Fremling et al. (2014); (23) Bersten et al. (2014).

This study Literature values
SN name Type �m tpeak�t0 Phase �tted MNi Mej EK MNi Mej EK Refs

(d) (d) (d) ( M�) ( M�) 1051 erg ( M�) ( M�) (1051 erg)

1993J IIb 14.7�15.5 18.3�19 �10, 10 0.12+0.01
�0.01 2.2+0.7

�0.5 0.9+0.4
�0.3 0.06�0.14 1.9�3.5 1�1.6 (1�3)

1994I Ic 5.6�7.3 8.6�10 �5, 10 0.07+0.01
�0.01 0.6+0.3

�0.1 0.4+0.2
�0.2 0.07 0.9�1.3 1 (4�6)

1996cb IIb 12.0�15.3 15.5�18.5 �10, 10 0.09+0.03
�0.02 1.7+1.0

�0.4 0.7+0.6
�0.3 � � � �

1998bw Ic-BL 13.2�13.2 15.1 �8, 10 0.54+0.08
�0.07 4.4+1.2

�0.8 9.9+3.8
�2.2 0.4�0.7 �10 20�50 (7,8)

1999dn Ib 13.9�17.4 14�18.5 �4, 15 0.10+0.01
�0.02 4.0+1.1

�1.7 2.7+1.1
�1.3 � � � �

1999ex Ib 15.5�16.9 18�19 �10, 15 0.15+0.04
�0.03 2.9+0.9

�0.7 1.3+0.8
�0.5 �0.16 � �2.7 (9)

2002ap Ic-BL 9.1�12.2 11�13.9 �6, 15 0.07+0.01
�0.01 2.0+0.8

�0.7 2.0+1.3
�0.9 0.11 2.5 4 (10)

2003bg IIb 17.7�19.7 22�23 �15, 21 0.15+0.02
�0.02 3.5+1.1

�0.8 1.4+0.7
�0.5 0.15�0.20 4�5 5 (11)

2003jd Ic-BL 11.9�13.2 14.3�15.3 �6, 10 0.43+0.09
�0.07 2.5+0.9

�0.5 2.7+1.1
�0.7 � � � �

2004aw Ic 14.6�15.8 15.8�17 �5, 8 0.20+0.04
�0.03 3.3+0.9

�0.8 2.4+0.9
�1.1 � � � �

2004dk Ib 15.9�19.0 18.2�21 �7, 12 0.22+0.04
�0.04 3.7+1.3

�1.0 1.8+1.1
�0.7 � � � �

2004dn Ic 10.2�14.4 14.3�17.3 �9, 13 0.16+0.03
�0.03 2.8+1.0

�1.2 2.6+1.3
�1.2 � � � �

2004fe Ic 9.3�12.5 12.5�14.9 �7, 10 0.23+0.04
�0.04 1.8+0.7

�0.7 1.3+0.6
�0.6 � � � �

2004ff IIb 9.0�12.1 11�15 �4, 15 0.18+0.03
�0.03 1.5+0.7

�0.5 1.1+0.6
�0.7 � � � �

2004gq Ib 9.5�12.7 13�15.5 �5, 1 0.10+0.05
�0.04 1.8+1.0

�0.5 1.9+1.1
�0.7 � � � �

2005az Ic 13.0�16.9 16�20 �7, 30 0.24+0.05
�0.04 2.6+1.2

�0.8 1.4+0.9
�0.6 � � � �

2005bf Ib 9.2�14.5 13�17 �8, 6 0.07+0.03
�0.02 0.8+1.2

�0.2 0.3+0.5
�0.1 0.08 � � (12)

2005hg Ib 11.0�13.4 15�18 �8, 15 0.66+0.10
�0.09 1.9+0.6

�0.6 0.9+0.4
�0.4 � � � �

2005kz Ic-BL 15.8�21.1 17�25 �3, 15 0.45+0.09
�0.07 8.1+3.7

�2.6 17.6+11.1
�7.9 � � � �

2005mf Ic 9.8�13.5 12�20 �1, 14 0.17+0.06
�0.02 1.4+1.0

�0.4 0.9+0.7
�0.4 � � � �

2006Ta IIb 10.9�12.6 16�18 �5, 15 0.07+0.03
�0.01 1.3+0.5

�0.3 0.4+0.2
�0.2 � � � �

2006aj Ic-BL 7.7 9.6 �5, 15 0.28+0.03
�0.02 1.4+0.4

�0.2 2.7+0.8
�0.6 0.21 2 2 (13)

2006el IIb 14.2�16.6 17.8�19.5 �10, 12 0.13+0.03
�0.02 3.3+1.1

�1.0 2.4+1.0
�1.5 � � � �

2006epa Ib 10.8�17.3 15�20 �8, 14 0.06+0.03
�0.01 2.7+1.3

�1.3 1.4+0.8
�0.8 � � � �

2007C Ib 8.7�12.9 12.5�17 �7, 10 0.17+0.04
�0.04 1.9+0.7

�0.9 1.4+0.6
�0.8 � � � �

2007Y Ib 10.9�14.9 13.6�17 �7, 11 0.04+0.01
�0.00 1.4+1.3

�0.4 0.7+0.7
�0.3 0.06 � � (14)

2007gr Ic 10.9�12.9 13.5�15 �5, 9 0.08+0.01
�0.01 1.8+0.6

�0.4 1.1+0.5
�0.4 � � � �

2007ru Ic-BL 6.8�11.2 9�14 �3, 14 0.41+0.05
�0.06 2.2+1.1

�1.1 4.7+2.4
�2.5 � � � �

2007uy Ib 12.5�14.7 15�16.5 �6, 6 0.28+0.04
�0.04 3.3+1.1

�1.0 3.9+1.5
�2.0 � � � �

2008D Ib 15.4 17.9 �10, 12 0.09+0.01
�0.01 2.9+1.0

�0.6 1.6+1.3
�0.5 0.07�0.1 4.3�7 3.5�8.5 (15,16)

2008ax IIb 16.7�17.0 19.3�19.6 �8, 13 0.15+0.05
�0.03 2.8+1.0

�0.6 0.9+1.1
�0.4 0.09�0.12 2.2�3.2 0.7�1.7 (17,18)

2009bb Ic-BL 8.5�10.0 11.2�12.4 �5, 10 0.25+0.04
�0.03 1.9+0.6

�0.5 3.3+2.2
�1.0 � � � �

2009jf Ib 18.4�21.8 20.5�22.5 �10, 15 0.24+0.03
�0.02 4.7+1.7

�1.1 2.5+2.2
�0.9 � � � �

2010bh Ic-BL 4.9 8.2 �5, 10 0.17+0.03
�0.02 0.9+0.2

�0.2 4.9+1.3
�1.0 � � � �

2011bm Ic 28.3�30.4 30.3�32.3 �10, 13 0.62+0.09
�0.08 10.1+2.8

�2.3 4.9+2.2
�1.7 � � � �

2011dh IIb 15.5�16.0 19.2�19.8 �8, 13 0.08+0.02
�0.02 2.2+0.6

�0.5 0.7+0.4
�0.3 0.07�0.08 1.8�2.5 0.6�1 (19,20)

2011hs IIb 8.8�12.1 11.4�14.4 �5, 10 0.04+0.01
�0.01 1.0+0.8

�0.3 0.4+0.3
�0.2 0.04 1.8�2.5 0.8�0.9 (21)

iPTF13bvn Ib 12.5�13.4 15.6�16.2 �9, 10 0.06+0.02
�0.01 1.7+0.5

�0.4 0.7+0.3
�0.2 0.05�0.10 1.9�2.3 0.7�0.9 (22,23)

Notes. aOnly Galactic extinction is accounted for, thus the MNi value has a large upper uncertainty arising from the possibility of signi�cant, unaccounted for,
reddening.
bSpectral modelling of SNe, other references relate to hydrodynamical modelling.
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Figure 4. Some examples of the �ts found when modelling the bolometric
light curves with the analytical prescription (examples of SNe IIb, Ib, Ic and
Ic-BL from top to bottom). Data points in blue indicate those that were used
in the �tting routine.

Benetti et al. 2011; Drout et al. 2011; Pignata et al. 2011; Cano
2013; Roy et al. 2013; Taddia et al. 2015) modulo the differences
arising from choices of numerical factors. Differing values of �
in equation (3) are used, for example Cano (2013) have � = 1
as they use vph

2 = 2EK/Mej, whereas we use � = 6/5 given our
form of vph (equation 2). This numerical factor difference is likely
partly responsible for the somewhat smaller (albeit consistent) EK
values for the subtype averages we �nd compared to Cano (2013),
as discussed later. Differing numerical factor choices will affect
the absolute parameter values but not the relative differences (e.g.
between subtype averages). Previous literature modelling was done
either through a direct �tting of the model, as is done here, or using
scaling relations for the peak and width of the light curve and ap-
propriately scaling the values of a better-studied SN by assuming
similarity in the other properties of the explosion. Although agree-
ment between the results is reassuring, we stress that estimates from
such modelling are subject to sizeable uncertainties and differences
in estimates are largely driven by the respective choices of vph, �opt
etc., making a detailed consistency analysis of limited value.

For the events where such studies have been performed, we
present in Table 5 values for the SN explosion parameters de-
termined by more detailed spectral or hydrodynamical modelling
in order to make comparisons. Generally, adopted values of dis-
tance and reddening match those in the literature works, when they
are speci�ed, however see Section 3.3.2 for a discussion directly
comparing results from the two methods. On the whole, given the
simpli�cations inherent in the analytical model, the estimates are
in reasonable agreement for the majority of events and thus the
analytical prescription provides an inexpensive method to obtain
population statistics for SNe, however there are some notable de-
partures between the two methods. For example, the Mej and EK
for SNe 1998bw and 2008D are lower than estimates from hy-
drodynamical modelling. Section 3.3.2 contains direct comparison
between results from the model employed here and those of more
detailed modelling, with further discussion of the discrepancies.
The average values for each SN type are shown in Table 6. SN
2005bf was a very unusual event that displayed a double-humped
light curve. There have been various models proposed for the SN
with different energy sources powering the second, brighter hump.

Among these, 56Ni decay has been proposed, and, given the high
peak luminosity, �5 × 1042 erg s�1, this requires MNi � 0.32 M�
to power it (Tominaga et al. 2005). However, Maeda et al. (2007),
from nebular spectral modelling, �nd that �0.08 M� of 56Ni was
synthesized, inconsistent with an 56Ni-powered explanation for the
second peak. Here, the analytical model was used over the �rst
�pre-cursor� hump, which reveals an 56Ni mass (MNi � 0.07 M�)
that is in good agreement to the value derived from nebular spectral
modelling, suggesting that the second hump indeed has some other
power source (e.g. magnetar, Maeda et al. 2007). We note that the
particularly unusual nature of this SN may compromise the Mej and
EK determinations from such simple modelling.

A �t to Mpeak and MNi values found from this modelling is pre-
sented in Fig. 5, with the best-�tting relation given by

log10 MNi = �0.415 × Mpeak � 8.184. (4)

The rms of MNi values around the �t is 0.064 M�. This is anal-
ogous to the relations presented in Perets et al. (2010) and Drout
et al. (2011), here in terms of the bolometric luminosity.

3.3.1 Uncertainties in derived parameters

In this section, we describe the contributing factors to the uncer-
tainties given in Table 5.7

The value primarily affecting MNi is the peak of the light curve
and it is thus dependent on the distance determination. Literature
uncertainties for µ to each SN host were used (see references in
Table 1), or, where no literature value existed, the spread in the
distance modulus determinations for the host, as given in the
NASA/IPAC Extragalactic Database (NED), was used. Typical un-
certainties were 0.1�0.2 mag, i.e. an uncertainty of �10�20 per cent
in luminosity and thus corresponding uncertainty in MNi. Uncertain-
ties on E(B � V) affect the BC used, however the change in the BC is
small for SE SNe colours at peak (see further discussion in LBJ14).
Since many reddening values did not have an accompanying un-
certainty, we simply use the estimate for each event that is given
in the literature. The determinations of MNi for SNe 2006T and
2006ep have more uncertain upper limits, found by assuming that
they suffer the median E(B � V)host of the sample. Reddening and
distance uncertainties mainly represent a scaling uncertainty on the
light curve (e.g. Ergon et al. 2014) and thus affect Mej and EK little.

Mej and EK are susceptible to uncertainties arising from a number
of sources. One such source is the uncertainty on vph. The errors on
vph were found by taking into account both intrinsic uncertainties
in the �tting method (�1000 km s�1) as well as accounting for
the fact that not all spectra were directly observed at peak. For
example, a vph determination before peak could overestimate vph at
peak and similarly underestimate it for a determination after peak.
Therefore vph values derived from spectra before (after) peak had
an additional component to the lower (upper) error budget. The
power law of Branch et al. (2002, vph � t�2/(n�1), where n = 3.6)
was used as a gauge of the size of this potential offset from the vph
at peak, with a �ducial peak time of 20 d. Fe II lines were assumed
to trace vph, although in some cases Si II had to be used due to strong
blending of Fe II lines, which may be systematically offset due to
contamination from other species. The error on the vph value of SN
2005 kz, which was assigned the average vph for its type is taken to
be 2500 km s�1.

7 Statistical uncertainties quoted by the �tting procedure were found to be
much less than the errors detailed and as such are not included.
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Table 6. Average vph and explosion parameters for SE SN types.

SN type vph (km s�1) MNi ( M�) Mej ( M�) EK (1051 erg)
Mean Sth. dev. Mean Std. dev. Mean Sth. dev. Mean Sth. dev.

IIb 8300 750 0.11 0.04 2.2 0.8 1.0 0.6
Ib 9900 1400 0.17 0.16 2.6 1.1 1.6 0.9
Ic 10 400 1200 0.22 0.16 3.0 2.8 1.9 1.3

Ic-BL 19 100 5000 0.32 0.15 2.9 2.2 6.0 5.0

Additionally, the choice of �opt directly affects Mej and EK for
a given �m (equation 1), in that it acts to scale these values. The
choice of constant opacity is a limitation of this simple modelling
scheme, whereas, as mentioned previously, this will evolve with
time based on the composition and temperature of the ejecta. We
take a 20 per cent uncertainty in our choice of �opt = 0.06 cm2 g�1;
previous studies have assumed values of 0.05 (Drout et al. 2011),
0.06 (Maeda et al. 2003; Valenti et al. 2008), 0.07 (Cano 2013;
Taddia et al. 2015) and 0.08 cm2 g�1 (Pignata et al. 2011), largely
driven by the values of �opt near peak from results of spectroscopic
modelling (Chugai 2000; Mazzali et al. 2000, 2013; Mazzali et al., in
preparation). These line-based opacities (i.e. neglecting continuum
opacity; see Mazzali et al. 2001) include time-dependant evolution
due to, e.g. the temperature of the ejecta. Furthermore, different
composition of the ejecta, in particular when considering differ-
ent SE SN subtypes, will affect the opacity, although variations in
ejecta abundances (e.g. CO/He) amongst SNe is not well known at
present. As such, a single choice of opacity represent a simplifying
assumption of the model, which deserves further investigation to
assess its impact on results for different SE SNe subtypes across
the parameter space of SN explosions. With other values �xed, this
uncertainty contributes an uncertainty of +25/ � 17 per cent in Mej
and EK determinations (since both have the same dependence on
�opt

8). An in-depth study of the evolution of the opacity for SE SNe
is beyond the scope of this paper, but the results of such a study
would be useful to constrain the applicability of such analytical
models where a constant value of �opt is used.

Finally, the analytical model requires an initial starting time, t0,
which affects the value of �m that is �tted and also MNi. Where
appropriate (e.g. in the case of GRB-SNe), this additional uncer-
tainty did not factor since t0 is known. Where t0 was very poorly
constrained, the model was manually �tted for a variety of �m val-
ues where the model still reasonably reproduced the observed light
curve. The range of t0 used for each SN is shown in Table 5. We
note in passing, in agreement with the concurrent work of Taddia
et al. (2015, but here regarding the bolometric rise), we �nd, for
our subtype averages, SNe Ic-BL exhibit the shortest rise times to
peak, with SNe Ib and IIb having similar rise times. We also �nd
the average SNe Ic to be similar to the rise times to SNe Ib and IIb,
but this is complicated by SN 2011bm, which Taddia et al. (2015)
exclude from their sample. The distribution of rise times are plotted
in Fig. 6, however the interested reader is directed to Taddia et al.
(2015) for a more thorough discussion of rise times. The error on
MNi arising from varying t0 was �0.01 M� where it was varied
over �1�2 d. For the least constrained events, the MNi uncertainty
was 10�15 per cent. Mej and EK errors were 10�30 per cent for
reasonably well constrained events (1�2 d) but +(30 to 40)/�(15 to
25) per cent for the more unconstrained events (e.g. SN 2011 hs).

8 Using equations (1) and (2): M3
ej/EK � ��2

opt � Mej � ��1
opt vph, given

EK/Mej � v2
ph � and therefore EK � ��1

opt v3
ph.

Total uncertainties on the parameters were found by re�tting
the model for all varying parameters and adding in quadrature the
uncertainty from each parameter, these are given in Table 5.

We note that the asphericity of the explosions, which breaks the
assumption of spherical symmetry in the model (Section 2.2), con-
tributes a systematic uncertainty in our results. It appears some
degree of asphericity is near-ubiquitous in SE SNe around peak
light (see the review of Wang & Wheeler 2008). One may ex-
pect the very energetic SNe Ic-BL (and GRB-SNe) to display the
strongest asymmetries, although their global asymmetries appear to
be �15 per cent (e.g. Wang et al. 2003; Maund et al. 2007a, for SNe
2002ap and 2006aj, respectively) and indeed a normal SN Ic, SN
1997X showed one of the strongest degrees of polarization, indicat-
ing a high degree of asymmetry (Wang et al. 2001). The uncertainty
due to asphericity is higher in the more stripped SNe Ic and Ic BL,
where stronger asymmetries in the deep ejecta (Wang & Wheeler
2008) can in�uence the photosphere during evolution around peak
light. It is likely to be less pronounced in SNe IIb around peak owing
to the presence of the hydrogen envelope (Maund et al. 2007b). Our
results, based on a spherically symmetric model, could be described
as the isotropic-equivalent values for the SNe (Wang et al. 2003).

3.3.2 Direct comparison to detailed modelling

Here, a recent subset of SNe with explosion parameters derived
from hydrodynamical modelling of the light curve, to which we can
compare our results, is presented. In order to make a comparison,
external factors common to both methods such as distance, redden-
ing and the time of explosion were set to those of the comparison
works. Due to the inherent differences in the models, such as the
lack of treatment for evolution of �opt or vph in the analytical model,
just the best-�tted parameters are given for direct comparison (i.e.
neglecting our uncertainties in these values).

A note must also be made regarding the new bolometric light
curve creation method of LBJ14, used here. Although this has been
used for some recent events, other methods of forming bolometric
light curves have been used by other studies. For example, dis-
crepancies between our derived MNi to that of, e.g. Utrobin (1994),
where the bolometric light curve was created from BVRI photom-
etry alone, is dominated by the light curve creation method � only
�50�60 per cent of the bolometric �ux from an SE SN is emitted
in these bands (LBJ14). As such, we restrict comparisons to those
where a good approximation of the bolometric light curve is used
� where appropriate, the method used to create this is highlighted
in the discussion. We also note that many of the SNe in the current
sample also formed part of the original SN sample of LBJ14, as
such we can be con�dent our method is not introducing some large
systematic uncertainty in the resulting bolometric light curves.

3.3.2.1 SN 2008D. We use the same distance and t0 (time of
the X-ray �ash) as those of Tanaka et al. (2009). Our E(B � V) =
0.6 mag is also consistent with the value used by these studies of
0.65 mag at a level where derived parameters will not be affected
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340 J. D. Lyman et al.

Figure 5. Relationship between bolometric peak, Mpeak, and the MNi value derived from analytical modelling for SE SNe. Note the �peak� of SN 2005bf is
taken as the pre-cursor at Mpeak � �17.1, see the text. The best-�tting loglinear relation is shown (equation 4). SNe are colour coded by type.

beyond the precision quoted. Tanaka et al. (2009) obtain parameters
of MNi � 0.07 M�, Mej = 5.3 – 1.0 M� and EK = 6.0 – 2.5 ×
1051 erg through hydrodynamical modelling. Our results give MNi =
0.09 M�, Mej = 2.9 M� and EK = 1.6 × 1051 erg. Mej and EK

estimate here are much lower than those from hydrodynamical mod-
elling. Similarly lower estimates were also made using analytical
relations by Soderberg et al. (2008). The cause of this disagreement
is discussed in Tanaka et al. (2009) as being symptomatic of using
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