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ABSTRACT

We present the photometry and spectroscopy of SN 2015an, a Type II Supernova (SN)
in IC 2367. The recombination phase of the SN lasts up to ∼120 d, with a decline rate
of 1.24 mag/100d, higher than the typical SNe IIP. The SN exhibits bluer colours than
most SNe II, indicating higher ejecta temperatures. The absolute V -band magnitude
of SN 2015an at 50 d is −16.83±0.04 mag, pretty typical for SNe II. However, the
56Ni mass yield, estimated from the tail V -band light curve to be 0.021±0.010 M⊙,
is comparatively low. The spectral properties of SN 2015an are atypical, with low
Hα expansion velocity and presence of high velocity component of Hα at early phases.
Moreover, the continuum exhibits excess blue flux up to ∼50 d, which is interpreted as
a progenitor metallicity effect. The high velocity feature indicates ejecta-circumstellar
material interaction at early phases. The semi-analytical modelling of the bolometric
light curve yields a total ejected mass of ∼12 M⊙, a pre-supernova radius of ∼388 R⊙

and explosion energy of ∼1.8 foe.

Key words: techniques: photometric – techniques: spectroscopic – supernovae: gen-
eral – supernovae: individual: SN 2015an – galaxies: individual: IC 2367

1 INTRODUCTION

The hydrogen-dominant class of supernovae (SNe) desig-
nated as SNe II, are the fate of the majority of massive
stars (& 8 M⊙) which ensue from the gravitational collapse
of the iron core in the red supergiant (RSG) stage (Smartt
et al. 2009; Smartt 2015). SNe II are characterized by the
presence of Balmer lines in their early spectra (Minkowski
1941), and those with abundant hydrogen either exhibit a
plateau (P) or a linearly declining phase (L) in their light
curve which lasts for about 100 days, before plummeting
into the radioactive tail phase (Barbon et al. 1979). Three
other subtypes exist: Type IIn, IIb and the 1987A-like, but
hereafter we will mainly discuss SNe IIP and IIL conjointly

⋆ E-mail: rayadastidar@aries.res.in, rdastidr@gmail.com

as SNe II. Direct evidence for RSG as progenitor of SNe II
are proclaimed from fortuitous detection of the progenitor in
pre-explosion images, which corroborated with the theoreti-
cal predictions of Grassberg et al. (1971); Chevalier (1976);
Falk & Arnett (1977). The initial mass range, however, is
constrained between 7-18 M⊙ from the pre-explosion images,
that raised the ‘RSG problem’ (Smartt et al. 2009; Smartt
2015), as RSGs more massive than 18 M⊙ are known to exist
observationally. This is further substantiated by the higher
progenitor mass yields from hydrodynamical modelling of
the SN observables (e.g. Pumo et al. 2017; Dastidar et al.
2018 and references therein). But ejecta masses of SNe II es-
timated from hydrodynamical modelling of light curve may
not be robust and unique, as indicated in recent simulation
of SNe II explosions by Dessart & Hillier (2019).

The remarkable feature of the SNe II population is the
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continuity in diversity. Despite the prominent dispersion in
the observed properties of SNe II, which is apparent from
the range of peak magnitudes (−14 & MB & −18; Patat
et al. 1994), plateau luminosities (−15 > MV > −18; Hamuy
2003) and ejecta velocities (1500 < v50

ph < 9600 km s−1;
Gutiérrez et al. 2017a), a continuum in the properties has
been noted (Anderson et al. 2014b; Sanders et al. 2015). The
progenitor and explosion properties, such as the radius of
the progenitor, the mass of hydrogen envelope and the syn-
thesized 56Ni mass, most likely gives rise to the continuity.
External factors, such as the presence of a dense circumstel-
lar (CS) shell in proximity to the progenitor star at the time
of explosion could also be responsible for the observed con-
tinuum in the properties of SNe II (Morozova et al. 2017).

The spectra of SNe II exhibits broad P Cygni lines,
which seems to disfavour the possibility of a major contri-
bution of circumstellar interaction (CSI) of ejecta in pow-
ering these explosions, unlike SNe IIn, which are charac-
terised by narrow emission lines of hydrogen. However, the
interaction in SNe II can be hidden below the photosphere,
and not be seen in narrow lines (e.g. iPTF14hls, Andrews
& Smith 2018), and still contribute to the luminosity. A
contribution of interaction to the luminosity, with spectra
bereft of narrow lines, is also possible for certain shallow
wind density profiles (Moriya & Tominaga 2012). The spec-
tra of low-luminosity (−14 > Mmax

V > −15.5) class of SNe II
(e.g. SN 2005cs) exhibit weak absorption features superim-
posed on a dominant blue continuum lasting up to . 30 d
post explosion (Spiro et al. 2014), owing to the underen-
ergetic nature of the explosion. However, normal luminos-
ity SNe showing weak absorption component (e.g. LSQ13fn,
Polshaw et al. 2016) are most likely the terminal explosion
of a sub-solar metallicity progenitor (Dessart et al. 2013).

Despite the surge in the number of studies undertaken
for individual as well as samples of SNe II, a number of
issues remain inconclusive, such as the source of the observed
diversity in their photometric and spectroscopic properties.
Dust formation at late times and CSM forged in the latest
stages of the evolution can considerably tweak the observed
properties of the explosion. To enrich our understanding of
the inhomogeneous class of SNe II, detailed studies of these
events particularly the deviant objects are important.

In this paper, we present the photometric and spectro-
scopic analysis of a Type II SN, SN 2015an, discovered by
Berto Monard (Bronberg Observatory) in the galaxy IC 2367
on 2015 September 13.15 UT (JD 2457278.65) at an unfil-
tered magnitude of 15.2 mag. The classification spectrum
was procured by the Las Cumbres Observatory (LCO) Su-
pernova Key Project on 2015 September 26.7 UT (Hossein-
zadeh et al. 2015), nearly two weeks from discovery, with the
robotic FLOYDS instrument mounted on the Faulkes Tele-
scope South (FTS). The spectrum exhibited a striking blue
continuum and a significantly low Hα expansion velocity (∼
5000 km s−1). The predominance of blue continuum in spec-
tra up to two weeks past discovery is generally observed in
low-luminosity SNe, however, the expansion velocity of Hα

and the luminosity of SN 2015an are comparatively higher
than the low-luminosity events (see Figs. 3 & 8). This led to
its classification as a peculiar SN II. The details of SN 2015an
and its host galaxy IC 2367 are given in Table 1.

The Virgo infall distance to the galaxy IC 2367 is
30.7 ± 0.7 Mpc, where we have used the recessional ve-

Table 1. Basic information on SN 2015an and the host galaxy
IC 2367. The host galaxy parameters are taken from NED.

Host galaxy IC 2367

Galaxy type SBb
Redshift 0.00817 ± 0.00001†

Major Diameter 2.4 arcmin
Minor Diameter 1.7 arcmin

Helio. Radial Velocity 2488 ± 3 km s−1

Offset from nucleus 71′′.0 E,4′′.0 N
Distance 30.5 ± 0.6 Mpc††

Total Extinction E(B-V) 0.0875 ± 0.0012 mag††

SN type II

Date of Discovery 2457278.65 (JD)
Estimated date of explosion 2457268.5±1.6 (JD) ††

† Theureau et al. (1998) †† This paper.

locity of the galaxy vV ir = 2259 ± 3 km s−1 from
HyperLeda (Makarov et al. 2014) and Hubble constant
H0 = 73.48 ± 1.66 km s−1 Mpc−1 (Riess et al. 2018). We
used the expanding photosphere method (EPM) to estimate
the distance to SN 2015an (details in Sect. 5), which yielded
29.8 ± 1.5 Mpc. The weighted mean of the two estima-
tions is 30.5±0.6 Mpc, which we have adopted as distance
to SN 2015an in this paper. EPM also estimates the explo-
sion epoch to be 2457268.5 ± 1.6 d (2015 September 03 UT)
which we will refer to as 0 d.

The Galactic reddening E(B−V)MW in the line of sight
of IC 2367 is 0.0875 ± 0.0012 mag, obtained from the extinc-
tion dust maps of Schlafly & Finkbeiner (2011). In our best
resolution optical spectra, we do not detect the absorption
features due to interstellar Na i D lines from the Galaxy.
From a set of best SNR spectra, we constructed a composite
spectrum following the prescription in Gall et al. (2015) to
determine the limiting equivalent width (EW) of Na i D ab-
sorption feature at the redshift of the host galaxy. Gaussian
profile of varying EWs were fitted to the Na i D absorption
line in the stacked spectrum and plausibly a weak Na i D
line with EW of 0.2 Å could be discerned. This corresponds
to a host galaxy reddening of <0.02 mag (using eqn (9) of
Poznanski et al. 2012). The weak Na i D feature indicates
negligible reddening contribution from the host, which is in
agreement with the remote location of the SN from the main
body of its host galaxy. Consequently, we infer that the total
reddening is arising only from the Galactic component, that
is E(B − V)tot = 0.0875 ± 0.0012 mag and is used in the
rest of our analysis.

The paper is structured as follows. Sect. 2 gives de-
tails of the data and reduction procedure. We investigate
the photometric and spectroscopic properties of SN 2015an
in Sect. 3 and Sect. 4, respectively. The distance derived
using the expanding photosphere method is elaborated in
Sect. 5. The modelling of the bolometric light curve using
semi-analytic methods is discussed in Sect. 6. Finally, we
examine the overall properties of SN 2015an in Sect. 7 and
present a short summary of the paper in Sect. 8.

2 SN 2015AN: PHOTOMETRY AND

SPECTROSCOPY

The photometric campaign of SN 2015an was triggered on
the day of its discovery using instruments equipped with
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Table 4. Optical photometry of SN 2015an.

UT Date JD Phase† B V g′ r′ i′ Tel

(yyyy-mm-dd) 2457000+ (days) (mag) (mag) (mag) (mag) (mag)

2015-09-13.8 279.3 10.8 - - - 15.56 ± 0.02 15.75 ± 0.01 3
2015-09-14.1 279.6 11.1 - - 15.37 ± 0.01 15.63 ± 0.02 15.78 ± 0.02 4
2015-09-15.8 281.3 12.8 15.59 ± 0.01 15.52 ± 0.01 - - - 3
2015-09-16.1 281.6 13.1 - - 15.48 ± 0.01 15.63 ± 0.01 15.82 ± 0.02 4
2015-09-18.4 283.9 15.4 - - 15.62 ± 0.01 15.65 ± 0.01 15.74 ± 0.01 5

2015-09-19.4 284.9 16.4 - - 15.56 ± 0.08 15.60 ± 0.01 15.72 ± 0.01 5
2015-09-20.8 286.2 17.7 - - 15.48 ± 0.10 15.58 ± 0.01 15.67 ± 0.01 3
2015-09-21.1 286.6 18.1 - - 15.40 ± 0.01 15.54 ± 0.01 15.67 ± 0.01 4
2015-09-21.4 286.9 18.4 15.60 ± 0.01 15.47 ± 0.01 - - - 5
2015-09-22.4 287.9 19.4 15.64 ± 0.01 15.49 ± 0.01 - 15.54 ± 0.01 15.62 ± 0.01 5
2015-09-26.4 291.8 23.3 15.75 ± 0.02 15.56 ± 0.02 15.55 ± 0.01 15.57 ± 0.01 15.65 ± 0.02 5
2015-10-01.8 297.3 28.8 15.89 ± 0.01 15.58 ± 0.01 15.66 ± 0.01 15.52 ± 0.01 15.52 ± 0.01 3

2015-10-05.7 301.2 32.7 16.03 ± 0.01 15.66 ± 0.01 15.75 ± 0.01 15.57 ± 0.01 15.59 ± 0.01 3
2015-10-13.7 309.2 40.7 16.34 ± 0.02 15.77 ± 0.01 16.00 ± 0.01 15.64 ± 0.01 15.60 ± 0.02 5

2015-10-17.3 312.8 44.3 16.52 ± 0.02 15.87 ± 0.01 16.14 ± 0.01 15.75 ± 0.01 15.67 ± 0.02 6
2015-10-26.5 321.9 53.4 16.87 ± 0.02 16.06 ± 0.02 - 15.86 ± 0.01 - 4
2015-10-31.1 326.6 58.1 16.95 ± 0.03 16.12 ± 0.02 16.47 ± 0.02 15.92 ± 0.01 15.81 ± 0.02 4
2015-11-05.1 331.6 63.1 17.15 ± 0.04 16.18 ± 0.02 16.58 ± 0.02 15.99 ± 0.04 - 4
2015-11-09.1 335.6 67.1 - 16.24 ± 0.02 16.63 ± 0.01 16.03 ± 0.01 15.92 ± 0.02 4
2015-11-09.9 336.4 67.9 - 16.38 ± 0.01 - 15.94 ± 0.01 15.96 ± 0.01 1
2015-11-10.9 337.4 68.9 - 16.35 ± 0.01 - 16.02 ± 0.01 15.91 ± 0.01 1
2015-11-13.3 339.8 71.3 - 16.28 ± 0.02 - 16.02 ± 0.02 16.01 ± 0.04 5
2015-11-16.9 343.4 74.9 17.38 ± 0.04 16.28 ± 0.02 16.73 ± 0.02 16.03 ± 0.01 15.95 ± 0.02 4

2015-11-20.7 347.2 78.7 17.32 ± 0.04 16.31 ± 0.02 16.78 ± 0.02 16.04 ± 0.01 15.93 ± 0.02 3
2015-11-22.6 349.1 80.6 17.46 ± 0.04 16.34 ± 0.02 16.91 ± 0.02 16.10 ± 0.02 16.00 ± 0.02 3

2015-11-24.1 350.6 82.1 17.47 ± 0.04 16.41 ± 0.02 16.89 ± 0.02 16.12 ± 0.01 16.04 ± 0.02 4
2015-11-27.9 354.4 85.9 17.39 ± 0.05 16.49 ± 0.03 16.94 ± 0.02 16.18 ± 0.02 16.06 ± 0.02 4
2015-12-05.9 362.4 93.9 17.64 ± 0.03 16.60 ± 0.01 16.28 ± 0.01 16.15 ± 0.01 2
2015-12-06.9 363.4 94.9 - 16.64 ± 0.03 17.07 ± 0.02 16.24 ± 0.02 16.15 ± 0.03 4
2015-12-10.7 367.1 98.6 17.74 ± 0.03 16.59 ± 0.02 17.15 ± 0.02 16.34 ± 0.01 16.21 ± 0.02 3
2015-12-14.9 371.5 103.0 17.87 ± 0.05 16.74 ± 0.03 17.28 ± 0.02 16.42 ± 0.02 16.32 ± 0.02 4
2015-12-18.4 374.9 106.4 17.99 ± 0.04 16.84 ± 0.02 17.32 ± 0.02 16.46 ± 0.02 16.36 ± 0.02 6

2015-12-22.1 378.6 110.1 18.20 ± 0.07 16.96 ± 0.02 - 16.55 ± 0.02 16.44 ± 0.04 5
2015-12-23.9 380.4 111.9 - 17.22 ± 0.02 - 16.66 ± 0.01 16.57 ± 0.01 1

2015-12-25.8 382.4 113.9 - - - - 16.54 ± 0.04 4
2015-12-29.6 386.1 117.6 18.43 ± 0.15 - 17.56 ± 0.03 - - 3
2015-12-30.7 387.2 118.7 - 17.18 ± 0.02 - 16.68 ± 0.01 16.62 ± 0.01 1
2016-01-01.8 389.3 120.8 - 17.31 ± 0.02 - 16.90 ± 0.01 16.76 ± 0.01 1
2016-01-02.7 390.2 121.7 - 17.27 ± 0.01 - 16.80 ± 0.01 16.75 ± 0.01 1
2016-01-02.9 390.4 121.9 18.70 ± 0.10 17.26 ± 0.05 - - 16.64 ± 0.03 4

2016-01-03.8 391.3 122.8 - - - 16.85 ± 0.01 16.79 ± 0.01 1
2016-01-05.7 393.2 124.7 - 17.42 ± 0.01 - 16.92 ± 0.01 16.87 ± 0.01 1

2016-01-08.1 395.6 127.1 18.93 ± 0.10 17.65 ± 0.04 18.38 ± 0.04 17.10 ± 0.03 17.07 ± 0.04 5
2016-01-11.5 399.0 130.5 19.56 ± 0.12 18.31 ± 0.06 19.06 ± 0.10 17.74 ± 0.04 17.64 ± 0.06 3
2016-01-12.7 400.2 131.7 19.94 ± 0.04 18.64 ± 0.01 - 18.16 ± 0.02 17.97 ± 0.02 2
2016-01-13.7 401.2 132.7 20.17 ± 0.06 19.01 ± 0.02 - 18.16 ± 0.01 18.14 ± 0.01 2
2016-01-15.8 403.3 134.8 20.41 ± 0.06 19.34 ± 0.02 - 18.50 ± 0.01 18.13 ± 0.01 2
2016-01-16.8 404.2 135.7 20.49 ± 0.12 19.40 ± 0.06 - 18.53 ± 0.02 18.31 ± 0.02 2
2016-01-20.2 407.7 139.2 - 19.68 ± 0.01 20.13 ± 0.09 - 18.56 ± 0.10 5
2016-01-30.6 418.1 149.6 - 19.71 ± 0.05 - 18.98 ± 0.02 18.79 ± 0.03 2
2016-01-31.7 419.2 150.7 20.97 ± 0.16 19.60 ± 0.04 - 18.98 ± 0.02 18.90 ± 0.02 2
2016-02-03.8 422.3 153.8 20.86 ± 0.28 19.90 ± 0.08 20.34 ± 0.09 18.86 ± 0.03 18.76 ± 0.09 4
2016-02-08.2 426.7 158.2 21.12 ± 0.15 19.80 ± 0.05 20.44 ± 0.10 19.03 ± 0.05 19.00 ± 0.06 5
2016-02-10.7 429.2 160.7 - - - 18.92 ± 0.03 18.94 ± 0.04 1

2016-02-10.7 429.2 160.7 - 19.68 ± 0.03 - 18.80 ± 0.02 18.66 ± 0.02 2
2016-02-11.7 430.2 161.7 - 19.70 ± 0.06 - 18.94 ± 0.02 18.90 ± 0.04 2

2016-02-11.7 430.2 161.7 - - - 18.90 ± 0.03 18.97 ± 0.04 1
2016-02-12.7 431.2 162.7 21.12 ± 0.15 19.88 ± 0.05 - 19.00 ± 0.02 18.87 ± 0.03 2
2016-02-14.2 432.7 164.2 20.95 ± 0.02 19.86 ± 0.11 20.45 ± 0.15 19.14 ± 0.03 19.19 ± 0.05 5
2016-02-26.6 445.1 176.6 - - - 19.07 ± 0.02 19.04 ± 0.03 1
2016-02-27.7 446.2 177.7 - - - 19.10 ± 0.03 19.00 ± 0.02 1
2016-03-01.7 449.2 180.7 - - - 18.93 ± 0.02 18.99 ± 0.03 1
2016-03-02.7 450.2 181.7 - - - 19.02 ± 0.02 19.02 ± 0.03 1
2016-03-05.4 452.9 184.4 - - 20.49 ± 0.03 18.99 ± 0.01 19.28 ± 0.03 7
2016-04-10.3 488.7 220.2 - - 20.76 ± 0.04 - 19.71 ± 0.02 7

2016-05-20.9 529.5 261.0 - - 20.98 ± 0.19 19.92 ± 0.07 20.76 ± 0.12 5

†since explosion epoch t0 = JD 2457268.5 (2015 September 03 )
MNRAS 000, 1–15 (2018)
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versed by the ejecta, the HV feature is expected to diminish.
It may again reappear as the ejecta becomes transparent,
depending on the density of the CSM.

7.3 Low metallicity progenitor

The other remarkable feature of SN 2015an is the presence
of weak metal lines in the photopheric phase, particularly
Fe ii λλ5018,5169. Dessart et al. (2013) showed that metal-
licity plays a crucial role in metal line formation in SN spec-
tra, during the recombination phase, when the photosphere
essentially samples the outer H envelope, that is relatively
less affected by mixing or nuclear burning. While the pEW of
the H i line will be dependent on both the CSI and metallic-
ity, as CSI will broaden the absorption component and shal-
low H i lines are expected to form from a higher metallicity
ejecta, the metal lines will be solely affected by the metallic-
ity of the progenitor. Moreover, the excess of flux bluewards
of 5200 Å in SN 2015an, in comparison to other SNe II (such
as SNe 2005cs and 2014G) at coeval epochs, indicates a less
efficient line blanketing in SN 2015an. These properties sug-
gest a low-metallicity progenitor for SN 2015an. The pro-
genitor metallicity can potentially affect the colour of SNe
II as well. The sample study of host H ii region of SNe II
to obtain metallicity estimates by Anderson et al. (2016),
suggests a strong correlation of the pEW of Fe ii λ5018 with
metallicity. We found SN 2015an to match best with the
0.4 Z⊙ metallicity model of Dessart et al. (2013). This in-
dicates that SN 2015an possibly originated from a sub-solar
metallicity progenitor. Furthermore, since metallicity gra-
dients in galaxies are found to be radially decreasing out-
wards (Henry & Worthey 1999), the location of SN 2015an
at a deprojected radial distance of 13.9 kpc, suggests a lower
metallicity environment for the progenitor of SN 2015an.

Finally, it is worth noting that some atypical features
of SN 2015an, such as its higher photospheric temperature
and persistence of blue spectrum later than usual, is re-
lated to the explosion time. Since we do not have early
spectra of SN 2015an (obtained within two weeks of discov-
ery), we could not impose strong pre-explosion constraints.
If SN 2015an was discovered soon after explosion (than our
adopted explosion epoch corresponding to 10 d before dis-
covery), then the temperature and colour of SN 2015an
would become more similar to normal SNe II. Nevertheless,
a spectrum of SN II with a dominant blue continuum two
weeks past discovery and normal luminosity in concurrence
with low expansion velocity of Hα, as in case of SN 2015an,
is unusual.

8 SUMMARY

In this paper, we present the photometric and spectroscopic
analysis of SN 2015an in the galaxy IC 2367. The striking
feature of SN 2015an is its low Hα expansion velocity in
the early phases as compared to its brightness. The absolute
magnitude of SN 2015an at 50 d is M50

V = −16.83±0.04 mag,
which places this event among the brighter SNe II. The slope
of the V -band light curve in the first 50 d is 0.78±0.02 mag,
which is steeper than the slowly declining SNe II. The colour
evolution of SN 2015an follows the same trend as SNe II
family, however, this event is bluer in comparison to the rest

of the sample. The Ni mass derived from the tail luminosity
is 0.021±0.010 M⊙.

The spectra of SN 2015an is apparently similar to the
SNe II population with prominent H i P Cygni profiles, how-
ever the metal lines are comparatively weaker and the blue
continuum lasts longer than typical SNe II. High velocity
features have also been identified in the early spectra of
SN 2015an, suggesting a possible role of CSI. The tempera-
ture derived from the photometric and spectroscopic SEDs
is relatively higher than SNe II in the early phases, imply-
ing the conversion of the kinetic energy of ejecta to ther-
mal energy in the ejecta-CSM interaction. The weak metal
lines and the blue continuum is possibly associated with the
metallicity of the progenitor, as sub-solar metallicity pro-
genitor produces weaker metal lines (Dessart et al. 2013).

We used the expanding photosphere method and de-
rived a distance of 29.8±1.5 Mpc to SN 2015an, which is in
accord with the Virgo infall distance. The explosion parame-
ters derived from the best fit semi-analytic model generated
using the prescription of Nagy & Vinkó (2016) to the bolo-
metric light curve yielded a total ejecta mass of ∼12 M⊙,
a total explosion energy of 1.8 foe and an initial radius of
388 R⊙. The estimated initial radius is small as compared
to other RSGs, and hence SN 2015an was expected to show
faster cooling with a rapid transition from the early cooling
phase to the plateau phase and a redder continuum. We infer
that the combined effect of ejecta-circumstellar interaction
and a low-metallicity progenitor is giving rise to the peculiar
properties of SN 2015an. Furthermore, it becomes apparent
that CSI is not only important for Type IIn or some IIL,
but also low-velocity SNe II may have some interaction.

ACKNOWLEDGMENTS

We thank Thomas de Jaeger, J. P. Anderson, C. P. Gutièrrez
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