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1 INTRODUCTION

ABSTRACT

We present early photometric and spectroscopic observations of SN 2013ej, a bright Type IIP
supernova (SN) in M74. SN 2013ej is one of the closest SNe ever discovered. The available
archive images and the early discovery help to constrain the nature of its progenitor. The earliest
detection of this explosion was on 2013 July 24.125 ut and our spectroscopic monitoring with
the FLOYDS spectrographs began on July 27.7 ut, continuing almost daily for two weeks.
Daily optical photometric monitoring was achieved with the 1 m telescopes of the Las Cumbres
Observatory Global Telescope (LCOGT) network, and was complemented by UV data from
Swift and near-infrared spectra from Public ESO Spectroscopic Survey of Transient Objects
and Infrared Telescope Facility. The data from our monitoring campaign show that SN 2013e;j
experienced a 10 d rise before entering into a well-defined plateau phase. This unusually long
rise time for a Type IIP has been seen previously in SN 2006bp and SN 2009bw. A relatively
rare strong absorption blueward of He is present since our earliest spectrum. We identify this
feature as Sin, rather than high-velocity Ho as sometimes reported in the literature.

Key words: supernovae: general —supernovae individual: SN 2013e;.

Automatic Imaging Telescope. The coordinates of the SN are
o = 01"36™48:16, § = +15°453170 (Kim et al. 2013). Pre-

Type IIP supernovae (SNe IIP) have been widely studied in the past.
They arise from progenitors that have retained their hydrogen and
helium layers before exploding as core-collapse (CC) SNe. Several
progenitors of SNe IIP have been detected in archive images (see
Smartt 2009 for a review). These SNe are also used as standard
candles for cosmological studies (Hamuy 2001). For this reason it
is important to investigate their diversity when new close-by SNe II
are discovered. We have this opportunity with SN 2013ej, a young
SN recently discovered in M74 (NGC 628).

SN 2013ej was discovered by the Lick Observatory Super-
nova Search on 2013 July 25.45 ut, with the 0.76 m Katzman

“This Letter is based on observations obtained with the following telescopes:
LCOGT network of 1 and 2 m telescopes, NTT (184.D-1140,188.D-3003)
and IRTF.

1 E-mail: svalenti@lcogt.net

© 2013 The Authors

discovery detections on July 25.38 and on July 24.125 were also
reported by Dhungana et al. (2013) with the 0.45 m ROTSE-IIIb
telescope at McDonald Observatory and by C. Feliciano on the
Bright Supernovae' website. The SN was caught extremely young,
as a non-detection was reported by the All Sky Automated Survey
for Supernovae (Shappee et al. 2013) on July 23.54 ur,? less than
1 d prior to the first detection, with a limit of V > 16.7 mag. We
immediately triggered the robotic FLOYDS spectrograph mounted
on the Faulkes Telescope South (FTS) at Siding Spring Observatory
and were able to classify the transient on Jul. 27.7 uUT as a young
SN II (Valenti et al. 2013). Located 92”5E, 135”S from the core of

! http://www.rochesterastronomy.org/snimages/
2We will use JD = 245 649745#11;}1 as the reference date for the shock
breakout (see Section 3.2).
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M74,> SN 2013ej is a very nearby SN. We note that M74 hosted
two other CC SNe, namely SN 2002ap (SN Ic) and SN 2003gd
(SN IIP).

Deep, high-esolution images of the host galaxy have been taken
prior to the explosion of SN 2013ej using the Hubble Space Tele-
scope (HST) and Gemini telescope. An analysis of these together
with the identification and characterization of a progenitor star is
presented in a companion paper (Fraser et al. 2013). A bright source
in both the HST and Gemini images is identified by Fraser et al.
(2013) as coincident with the position of SN 2013ej. The object is
detected from the U to the i bands and does not have the colours
of a single stellar source. Fraser et al. (2013) show that it is likely
a blend of two, physically unrelated, stars. Assuming that the pro-
genitor was a red supergiant (RSG), as found for other SNe IIP,
then the progenitor zero-age main sequence mass would lie in the
range 8—-16 M. For the reasons mentioned above, SN 2013ej was
promoted as a high-priority target for Las Cumbres Observatory
Global Telescope (LCOGT)’s ongoing, intensive effort to obtain
high-cadence optical photometry and spectroscopy of transient ob-
jects. A detailed overview of the LCOGT facilities can be found
in Brown et al. (2013). Along similar lines, SN 2013ej was also
monitored by the PESSTO* collaboration.

2 OBSERVATIONS

Spectroscopic follow-up of SN 2013ej was primarily obtained us-
ing the twin FLOYDS spectrographs on FTS and the Faulkes Tele-
scope North, at Haleakala, with an ~1 d cadence. FLOYDS has a
prism cross-disperser which images first and second orders on to
the chip, resulting in a very broad wavelength coverage of ~3200—
10 000 A. Optical spectra were also obtained at the Asiago 1.22 m
telescope with the B&C spectrograph. All optical spectra were re-
duced using standard 1RAF routines. A higher resolution spectrum
was obtained on August 23 with the 1.82 m Copernico telescope
(Mt. Ekar, Asiago) equipped with an echelle spectrograph. Two
near-infrared (NIR) spectra were also collected. A very early NIR
spectrum (taken earlier than our first optical spectrum) was ob-
tained with SpeX (Rayner et al. 2003) on the NASA Infrared Tele-
scope Facility (IRTF). The SpeX data were reduced with the custom
sPEXTOOL package (Cushing, Vacca & Rayner 2004), and were cor-
rected for telluric absorption with the software and prescription of
Vacca, Cushing & Rayner (2003). SOFI data were obtained during
a PESSTO night and reduced with the PESSTO pipeline (Smartt
et al., in preparation) (data available on WISeREP, see Table 1 in
the supplementary material).

Optical (UBVRIgriz) photometric follow-up of SN 2013ej was
obtained with the nine 1 m telescopes of the LCOGT network, and
in this Letter we present data obtained up to one month after the SN
discovery (data in Table 2 of the supplementary material). The data
were reduced using a custom pipeline® developed by the LCOGT
SN team. Additionally, Swift data of SN 2013ej with the Ultra-
violet/Optical Telescope (Roming et al. 2005) were taken starting

3 A distance modulus of 29.79 mag (Fraser et al. 2013), or 9.1 Mpc, is used
in this Letter.

4 Public ESO Spectroscopic Survey of Transient Objects, www.pessto.org/
3 The pipeline employs standard procedures (PYRAF, DAOPHOT, SWARP) in a
PYTHON framework. Point spread function magnitudes were transformed to
the standard Sloan Digital Sky Survey filter system (for griz) or Landolt
(1992) system (for UBVRI) via standard star observations taken during clear
nights.

on 2013 July 30.87 ut. Swift photometry, going from the uw?2 filter
through the V filter, has been measured using an aperture of 3 arcsec,
and following the approach of Brown et al. (2009).

3 ANALYSIS AND RESULTS

3.1 Spectroscopy

The sequence of spectra collected for SN 2013ej is shown in
Fig. 1(a). In analogy with canonical SNe II, at very early phases the
spectra of SN 2013ej show a blue, almost featureless continuum.
As the ejecta expand, the photospheric temperature declines, and
a number of spectral lines appear, showing P-Cygni profiles that
become more prominent with time. The earliest spectrum shows a
blue continuum, with a blackbody temperature of 15 000 K. To-
gether with weak and shallow Balmer-series lines, N1 and He1
likely contribute to the absorption features at 5550 and 5700 A.
From very early phases, an absorption feature on the blue side
of Hu is detected (see Fig. 1c). This feature, observed in several
young SNe II, has been widely discussed in the past, particularly for
the classic Type IIP SN 1999em. The two identifications proposed
to explain the dip are a high-velocity (HV) component of He (at
~16 000 km s~!) and Sin 6355 A. The evolution of this feature
has been observed in several I[IP SNe (SN 2005cs, Pastorello et al.
2006; SN 2006bp, Quimby et al. 2007; SN 2009bw, Inserra et al.
2012; SN 2012A, Tomasella et al. 2013). It appears a few days after
the shock breakout; it reaches a maximum intensity at around three
weeks after maximum light before eventually fading. In Fig. 1(d)
spectra at these three different epochs of SN 2013ej are compared
with those of other SNe IIP (a few days, two weeks and three to
four weeks after the explosion, respectively). In SN 1999em this
absorption was visible since about one week post-explosion, and
remained detectable for one additional week. Leonard et al. (2002)
identified this absorption at early phases as Si1, while Baron et al.
(2000) favoured an HV hydrogen interpretation. Inserra et al. (2012)
also interpreted this feature as an HV hydrogen line in the Type 11
SN 2009bw.

Chugai, Chevalier & Utrobin (2007), on the other hand, proposed
a time-dependent, dual interpretation. These authors attributed the
shallow absorption in the Hoe blue wing visible at early phases in
SNe IIP to Siu, but a similar blueshifted notch seen at late times
to HV hydrogen. Indeed, the interaction with a typical RSG wind
should result in the enhanced excitation of the outer layers of un-
shocked ejecta and the emergence of corresponding HV absorption
(see also Leonard et al. 2002 for a similar conclusion). In the case of
SN 2013ej, we note a similar evolution of this absorption feature to
previous works, although a notch is visible in our first spectrum and
becomes stronger with time. At day +17 the blueshifted absorption
is deeper than the regular Ho absorption. We also note that a similar
feature is not visible in the blue wing of HB (see Fig. 1b), as one
would expect if it were due to HV hydrogen.

In order to confidently exclude the HV H interpretation for the
6100 A feature, we also present in Fig. 1(f) two NIR spectra obtained
on July 27 and August 17. The first SpeX spectrum (+3.6¢) is one
of the earliest NIR spectra ever published for an SN IIP. This shows
a blue continuum, in addition in which only very shallow Paschen
lines are detected. These become more prominent in the second
spectrum, and show a broad absorption in Pa-y (see the inset of
Fig. 1f). While the red wing of the absorption is consistent with
Pa-y at ~8000 km s~' consistent with other hydrogen lines, the
origin of the blue wing of this feature must wait for future work
with time-series NIR spectroscopy. HV Pa-y at ~15 000 km s~!
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Figure 1. (a) Spectra series of SN 2013ej. (b) HB evolution. (c) Ha evolution. (d) Comparison of spectra of SN 2013ej with those of other SNe II at three
different epochs. (e) Line identification: comparison between an observed spectrum of SN 2013ej (phase 4+-209) and a spectral model obtained using synow
(see the text). (f) Infrared spectra of SN 2013ej and comparison with an early-phase spectrum of SN 1999em. The insert shows a detail of Pa-y.

(as suggested by the HV hydrogen identification in the optical) can
be excluded.

A synow (Fisher 2000) fit of the spectrum at 21 d is shown in
Fig. 1(e), and the comparison model was obtained with the follow-
ing contributing ions: Fe 1, Tin, He1, H1, O1, Sin, Canand N 1. The
Hp mismatch is due to synow’s local thermodynamic equilibrium
assumptions (see Dessart & Hillier 2010). Adding Si it nicely repro-
duces the feature on the blue side of He with no significant change
in the synow spectrum due to other Si1 lines. A synow fit using HV
hydrogen is also shown with HV Hg highlighted in the inset panel.
Also remarkable are the Fe i1 lines, first detected when the temper-
ature goes below 9000 K (as suggested by Dessart & Hillier 20006).
In particular, the Fen line at A5166 appears two weeks after the
shock breakout and is clearly detected one week later. In Fig. 2(a),
we show the photospheric velocity where lines of different ions
are forming. The velocity obtained for the Sin identification is also
consistent with those of other elements.

3.2 Light curve

The light curve of SN 2013ej in the uw2, um2, uwl and UBVRIgriz
filters is shown in Fig. 2(b). SN 2013ej shows in all bands a relatively
slow luminosity rise to the plateau. SNe II usually have a very fast
rising lasting very few days. Through the comparison of the early
light curve of SN 2010id with that of SN 2006bp (Quimby et al.
2007), Gal-Yam et al. (2011) suggested a variety in the rising time
of SNe II, with some objects showing a slow rise. Another SN II
with a slow rise to peak is SN 2009bw (Inserra et al. 2012).
These three SNe are all quite bright (Mg between —17 and —18
at peak; see Fig. 2c). In particular, SN 2009bw is almost identical to
SN 2013ej in the light-curve shape and the absolute magnitude (see
Fig. 2b). The slow rising of these SNe lasting several days may

be either related to the density structure of the outermost layers
of the progenitor or to a significant contribution from the radioac-
tive heating (instead of recombination heating) as usually seen in
SNe IIb.

3.3 Progenitor radius

In CC SNe, soon after the shock breakout, the shock-heated enve-
lope expands and cools down with different time-scales depending
on the initial progenitor radius, opacity and gas composition. Sim-
ple analytic functions have been developed (Waxman, Meszaros &
Campana 2007; Chevalier & Irwin 2011; Rabinak & Waxman 2011)
to give a rough estimate of the radius of the progenitor of CC SNe
using the temperature evolution at early phases. For instance, the
SN photosphere after the explosion of an RSG remains at a higher
temperature for a longer time than what occurs in a more compact
blue supergiant (BSG). Making use of our spectrophotometric data
within one week from the shock breakout and equation 13 of Rabi-
nak & Waxman (2011), we constrained the radius of the exploding
star. With an optical opacity of k = 0.34 cm? g~' the temperature
evolution of SN 2013ej is consistent with that of a progenitor with
radius 400-600 R5.

We remark that no host reddening was assumed in this calculation
of the progenitor radius, which is consistent with the lack of Na1 D
lines at the redshift of M74 in the echelle spectrum obtained with
the 1.82 m Asiago telescope (see Fig. 3b). With the addition of
some host reddening, the temperature and consequently the radius
estimates would be larger.

The likely RSG progenitor star identified by Fraser et al. (2013)
has a luminosity of log L/Le = 4.5-4.9 dex, which would imply
radii of 400-800 R, for M-type supergiant stellar effective tem-
peratures. These radii are also consistent with that of the Type IIP

Downl oaded from https://academ c. oup. com mrasl/article-abstract/438/1/L101/1008653
by Dartrouth Col | ege Library user
on 20 April 2018



L104  S. Valenti et al.
Days from explosion
-5 0 5 10 5 20 25
20 : : - : : :
T (a)
n
B Ha
mﬁ *  Hp ._—_“."\0‘\‘._\/.
S 15 A He 1
= ® o
4] < Fell 51691
=] ¢ s
8 @  Hahv ?
T 10F
>
[}
c
£
-17] +
(b)
.16»
o -15f
kel
2 14t
c
g-u»
o 12
8
2 -11f
2 —— 2009bw B+4 R+2 vy
2 107 uw2+7.2% g+353% I+15 Ly 1
ol um2+6 V+3 i+1 4 |
uwl+5.5 r+2.5 z+.5
-8l U+5 i
gl (0 m
o171t 0 e N o s T T T
kel
=}
2
g -16f
©
€
o -15f
g
g ® 2013ej X 2012A
2 -14r O 2006bp + 2007o0d 1
< ¢ 2009bw © 1995ad
-13f b <« 2005cs B 2010id 1
' # 1999em === R&W 2011
12 : : :
0 10 15

5
Days from explosion

Figure 2. (a) Line velocity evolution for different elements in the ejecta
of SN 2013ej. (b) Light curves of SN 2013ej in different bands (symbols),
and comparison with the light curves of the twin SN 2009bw (solid lines).
(c) Absolute R-band light curve of SN 2013ej compared with those of other
SNe IIP: SN 2006bp (Quimby et al. 2007), SN 2009bw (Inserra et al. 2012),
SN 2005¢s (Pastorello et al. 2006), SN 20070d (Inserra et al. 2011), SN
2012A (Tomasella et al. 2013), SN 1995ad (Inserra et al. 2013) and SN
2010id (Gal-Yam et al. 2011). R light curve for an RSG (radius ~320-
580 R(y) using equations 13 and 14 from Rabinak & Waxman (2011).
The explosion epoch has been constrained using the Rabinak & Waxman
(2011) model, the pre-explosion non-detection and detections reported in
Lee et al. (2013).

SN 2009bw (Inserra et al. 2012), which shares several other char-
acteristics with SN 2013ej, as we will discuss in the next section.
The inferred radius values should be confirmed with more de-
tailed models, but here we may safely conclude that the tempera-
ture evolution of SN 2013ej is consistent with that expected in the
explosion of an extended progenitor. In Fig. 3(a), we also present
progenitor radius constraints for SN 2013ej utilizing our Swift and
optical broad-band photometry, which generally agree with our
spectroscopic results. We note that the temperature evolution in-
ferred using the Swift data is always lower than that derived from
the optical data, suggesting that some UV line blanketing is already
present at very early phases. We further compare the temperature
evolution of SN 2013ej with those of other SNe II. The photo-
spheric temperatures and radii of SN 2013ej are similar to those of

Epoch from explosion [Day]
6 8 10 12 14 16 18 20

. RIR,) M)
25t % (@) ]
.
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Figure 3. (a) Progenitor radius constraints using Rabinak & Waxman
(2011) for RSG (red line), BSG (blue line) and 2013ej best fit (green line).
Comparison objects: SN 1987A (Menzies etal. 1987), SN 2012A (Tomasella
et al. 2013) and SN 2009bw (Inserra et al. 2012). (b) Echelle spectrum of
SN 2013ej obtained at the 1.8 m Asiago telescope on 2013 August 24. The
Galactic Na1D is clearly visible, while no Na1 D is detected at the redshift
of M74. The x-axis is in the observed frame.

SN 2009bw and SN 2012A, while they are always higher than those
of SN 1987A.

4 DISCUSSION AND CONCLUSION

In this Letter, we present the early photometric and spectroscopic
evolution of SN 2013ej, a luminous SN II that exploded in M74.
Data were obtained mostly with the 1 and 2 m telescopes of the
LCOGT network, complemented with data from the PESSTO col-
laboration. The most interesting characteristic of our sequence of
early-time spectra of SN 2013ej is a prominent absorption on the
blue side of the He. We interpret it as due to Si1, since there is no
evidence of HV hydrogen features in proximity other than Balmer
or Paschen lines. This absorption dip is not particularly strong in
other slow-rising SNe 11, although it was detected in SN 2009bw.
Inserra et al. (2012) proposed it to be evidence that SN 2009bw was
interacting with the H-rich Circumstellar Material (CSM) already
at early phases. However, we do not find unequivocal evidence of
interaction in SN 2013ej — at least not before 30 d after explosion.
Nonetheless, we cannot rule out that signatures of interaction be-
tween SN ejecta and CSM may appear at later stages, since this
was observed in a number of SNe II (Chugai et al. 2007). SN
2013ej shows an unusually slow rise to the light-curve plateau. This
property was observed only in the Type IIP SN 2006bp and SN
2009bw. All of them are more luminous than normal SNe II (Patat
et al. 1994), but the statistics accumulated so far are poor. Through
modelling (Zampieri et al. 2003; Pumo & Zampieri 2011), Inserra
et al. (2012) estimated a progenitor mass of 11-15 Mg for SN
2009bw. If the early spectroscopic and photometric similarities of
SN 2013ej with SN 2009bw are confirmed at late phases, this mass
range should also be considered plausible in the case of SN 2013ej,
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and consistent with the progenitor mass inferred from the analysis
of Fraser et al. (2013).
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Additional Supporting Information may be found in the online ver-
sion of this article:

Table 1. Journal of spectroscopic observations.

Table 2. Photometric Data.
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