Astronomy & Astrophysics manuscript no. TSWLatexianTemp_000003

January 17, 2017

©ESO 2017

The evolution of superluminous supernova LSQ14mo and its
interacting host galaxy system™

T.-W. Chenl’z**, M. Nicholl3, S. J. Smartt*, P. A. Mazzali>*®, R. M. Yates!, T.J. Moriya7, C. Inserra®, N. Langerz,
T. Kriihler!, Y.-C. Pan®, R. Kotak?, L. Galbany® ', P. Schady!, P. Wiseman', J. Greiner!, S. Schulze!', A. W. S. Man'?,
A. Jerkstrand®, K. W. Smith*, M. Dennefeld!3, C. Baltay”, J. Bolmer! 1>, E. Kankare?, F. Knust!, K. Maguire4,

D. Rabinowitz!4, S. Rostami!4, M. Sullivan!®, and D. R. Young4

Max-Planck-Institut fiir Extraterrestrische Physik, Giessenbachstrafle 1, 85748, Garching, Germany

Argelander Institute for Astronomy, University of Bonn, Auf dem Hiigel 71, D-53121 Bonn, Germany

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA

Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK
Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool
L3 5RF, UK

Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, DE-85748 Garching-bei-Miinchen, Germany

Division of Theoretical Astronomy, National Astronomical Observatory of Japan, National Institutes of Natural Sciences, 2-21-1
Osawa, Mitaka, Tokyo 181-8588, Japan

8 Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA

9 Pittsburgh Particle Physics, Astrophysics, and Cosmology Center (PITT PACC)

10" Physics and Astronomy Department, University of Pittsburgh, Pittsburgh, PA 15260, USA

' Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 76100, Israel

12 ESO, Karl-Schwarzschild-Strasse 2, DE-85748 Garching-bei-Miinchen, Germany

13 Tnstitut d’ Astrophysique de Paris, CNRS, and Universite Pierre et Marie Curie, 98 bis Boulevard Arago, F-75014 Paris, France

14 Physics Department, Yale University, 217 Prospect Street, New Haven, CT 06511-8499, USA

15 European Southern Observatory, Alonso de Cérdova 3107, Vitacura, Casilla 19001, Santiago 19, Chile

16 Department of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, UK

(O N N

- o

Received November 29, 2016 / Accepted ?7???

ABSTRACT

We present and analyse an extensive dataset of the superluminous supernova LSQ14mo (z = 0.256), consisting of a multi-colour
lightcurve from —30d to +70d in the rest-frame (relative to maximum light) and a series of 6 spectra from PESSTO covering —7d to
+50d. This is among the densest spectroscopic coverage, and best-constrained rising lightcurve, for a fast-declining hydrogen-poor
superluminous supernova. The bolometric lightcurve can be reproduced with a millisecond magnetar model with ~ 4 M, ejecta mass,
and the temperature and velocity evolution is also suggestive of a magnetar as the power source. Spectral modelling indicates that
the SN ejected ~ 6 Mg, of CO-rich material with a kinetic energy of ~ 7 x 10°! erg, and suggests a partially thermalised additional
source of luminosity between —2 d and +22 d. This may be due to interaction with a shell of material originating from pre-explosion
mass loss. We further present a detailed analysis of the host galaxy system of LSQ14mo. PESSTO and GROND imaging show three
spatially resolved bright regions, and we used the VLT and FORS2 to obtain a deep (5-hour exposure) spectra of the SN position
and the three star-forming regions, which are at a similar redshift. The FORS spectrum at +300 days shows no trace of supernova
emission lines and we place limits on the strength of [O1] from comparisons with other Ic supernovae. The deep spectra provides a
unique chance to investigate spatial variations in the host star-formation activity and metallicity. The specific star-formation rate is
similar in all three components, as is the presence of a young stellar population. However, the position of LSQ14mo exhibits a lower
metallicity, with 12 + log(O/H) = 8.2 in both the R»; and N2 scales (corresponding to ~ 0.3Z ). We propose that the three bright
regions in the host system are interacting, which thus triggers star-formation and forms young stellar populations.
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1. Introduction

Superluminous supernovae (SLSNe) are 10-100 times
brighter than normal core-collapse SNe (CCSNe) and can
reach absolute magnitudes ~ —21 (see Gal-Yam 2012 for a re-
view). They are divided in two distinct groups from the opti-
cal spectral features around the peak brightness. The first is that

* Based on observations at ESO, Program IDs: 191.D-0935, 094.D-
0645, 096.A-9099
** E-mail: jchen@mpe.mpg.de

of SLSNe which do not generally exhibit hydrogen or helium
lines in spectra and show no spectral signatures of interaction
between fast moving ejecta and circumstellar shells, and thus
are classified as SLSNe type I or type Ic (e.g. Pastorello et al.
2010; Quimby et al. 2011; Chomiuk et al. 2011; Inserra et al.
2013; Howell et al. 2013; Nicholl et al. 2013). The lightcurves
of SLSNe type I span a wide range of rise (~ 15-40d) and de-
cline timescales (~ 30-100 d). These may form two separate sub-
classes of slowly- and fast-declining objects (with a paucity of
events the midpoints of these ranges), but with the current small
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sample size they are also consistent with a continuous distribu-
tion (see Nicholl et al. 2015a). The second group is that of hy-
drogen rich SLSNe (SLSNe II). A small number show broad Ha
features during the photospheric phase and do not exhibit any
clear sign of interaction in their early spectra (see Inserra et al.
2016b). These intrinsically differ from the strongly interacting
SNe such as SN 2006gy (e.g. Smith et al. 2007; Ofek et al. 2007),
which are also referred as SLSNe IIn. Hereafter in this paper, we
will only address the SLSN I types.

Three main competing theoretical models have been pro-
posed to explain the extreme luminosity of SLSNe of type I or Ic.
These are (i) a central engine scenario, such as millisecond mag-
netar spin-down (e.g. Woosley 2010; Kasen & Bildsten 2010;
Dessart et al. 2012) or black hole accretion (e.g. Dexter & Kasen
2013); (ii) pair-instability SNe (PISNe) (e.g. Heger & Woosley
2002) for the broad lightcurve SLSNe; (iii) the interaction of
SN ejecta with dense and massive circumstellar medium (CSM)
shells (e.g. Chevalier & Irwin 2011; Chatzopoulos et al. 2012;
Sorokina et al. 2016).

Lightcurve modelling is an important diagnostic for current
SLSNe studies. Firstly, the millisecond magnetar model can re-
produce a wide range of lightcurves, fitting both fast and slow
decliners (e.g. Inserra et al. 2013; Nicholl et al. 2013); Chen
et al. (2015) found that the slowly-fading late-time lightcurve
also fits a magnetar model well if the escape of high-energy
gamma rays is taken into account (for time varying leakage see
Wang et al. 2015). Then, in the case of PISN model for slowly-
fading lightcurve events, such as SN 2007bi, the one was ini-
tially suggested to be a PISN (Gal-Yam et al. 2009) based on
a %%Co decay-like tail. However, the relatively rapid rise time
of similar SLSNe PTF12dam and PS1-11ap (Nicholl et al. 2013;
McCrum et al. 2014) argues against this interpretation. Recently,
Kozyreva et al. (2016) demonstrated that radiative-transfer simu-
lations have essential scatter depending on the input ingredients,
arelatively fast rising time was found for the helium PISN model
(Kasen et al. 2011). Finally, the CSM model is very flexible due
to having many free parameters (e.g. Nicholl et al. 2014). How-
ever, the mechanism that could generate the dense and massive
CSM (>few Mp) inferred from lightcurve fitting is still unclear.
The hydrogen detected in the late-time spectra of iPTF13ehe
was interpreted as CSM interaction features (Yan et al. 2015)
but Moriya et al. (2015) showed that interaction with a binary
component was equally plausible.

From the spectral point of view, the ionic line identifications
and investigation of the excitation processes have been recently
provided by spectral modelling of Mazzali et al. (2016) of early,
photospheric phase spectra. The late-time nebular spectra allows
us to investigate the composition of the SN ejecta. Dessart et al.
(2013); Jerkstrand et al. (2016a,b) simulated the nebular spectra
expected in PISN models which show little emission in the blue
region (< 6000A) of the optical spectrum, because this region
is fully blocked by the optically thick ejecta. In the red, strong
[Cam] 27300 and [Fer1] lines are expected along with neutral
silicon and sulphur in the near infra-red. These model nebular
spectra look markedly different from that of several slow-fading
SLSNe of Jerkstrand et al. (2016b) providing no support for a
PISN interpretation. Instead, the similarity of the late-time nebu-
lar spectra of a number of energetic SNe Ic (e.g. SN 1998bw) and
those of SLSNe has been identified by Jerkstrand et al. (2016b);
Nicholl et al. (2016a). Jerkstrand et al. (2016b) find that at least
10Mg, of oxygen is required in the ejecta to produce the strong
[O1] lines and that the material must be highly clumped. More-
over, Inserra et al. (2016a) presented the first spectropolarimet-
ric observations of a SLSN, showing that SN 2015bn has an
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axisymmetric geometry, which is similar to those SNe that are
connected with long-duration gamma-ray bursts (LGRBs; e.g.
Galama et al. 1998).

The study of the host galaxies of SLSNe provide a strong
constraint for understanding the stellar progenitors of SLSNe
given that the distances of SLSNe (0.1 < z < 4; Cooke et al.
2012) are too far away to detect their progenitors directly. The
host galaxies of SLSNe are generally faint dwarf galaxies (Neill
et al. 2011) which tend to have low-metallicity and low-mass
(Stoll et al. 2011; Chen et al. 2013; Lunnan et al. 2013). They
share properties with LGRB host galaxies (Lunnan et al. 2014;
Japelj et al. 2016), although SLSN host galaxies appear more ex-
treme (Vreeswijk et al. 2014; Chen et al. 2015; Leloudas et al.
2015b; Angus et al. 2016). Leloudas et al. (2015b) found that
the equivalent widths of [Om]is much higher in SLSN hosts
than in LGRB hosts, which they argue may imply that the stel-
lar population is on average younger in SLSN than in LGRB
host galaxies. And by implication that the progenitors of SLSNe
are more massive than GRBs. However this is not corroborated
by the Hubble Space Telescope study of hosts by Lunnan et al.
(2015). There is no significant difference in host environments
of fast-declining and slowly-fading SLSNe (Chen et al. 2015;
Leloudas et al. 2015b; Perley et al. 2016). Recently, Perley et al.
(2016) and Chen et al. (2016) both suggested that a sub-solar
metallicity is required for SLSN progenitors.

The SLSN LSQl4mo was discovered by the La Silla-
QUEST (LSQ; Baltay et al. 2013) on 2014 January 30, located at
RA=10:22:41.53, Dec=-16:55:14.4 (J2000.0). The Public ESO
Spectroscopic Survey of Transient Objects (PESSTO; Smartt
et al. 2015) took a spectrum on 2014 January 31 and identified
it as a SLSN Ic (Leloudas et al. 2014). The spectrum showed
a blue continuum with strong O absorption features around
4200-4600 A, mimicking PTF09¢nd at a phase of ~1 week be-
fore maximum light. Narrow Mgu A4 2796, 2803 ISM absorp-
tion lines indicated a redshift of z = 0.253. However, these lines
were not resolved in the low resolution spectrum and thus it only
provided a rough redshift measurement (or the ISM is slightly in
the foreground with respect to the SN location). In this paper, we
re-identify the redshift of LSQ14mo to be z = 0.2563 using the
narrow host emission lines (more details see Sect. 2.3). Observa-
tions of LSQ14mo were first presented by Nicholl et al. (2015a),
who included the r-band and pseudo bolometric lightcurve in
their statistical sample of SLSNe. And in Leloudas et al. (2015a)
as part of the first polarimetric study of a SLSN, they found there
is no evidence for significant deviations from spherical symme-
try of LSQ14mo.

This paper is organised as follows: in Sect.2, we give de-
tails on the photometric follow-up and spectroscopic observa-
tions of LSQ14mo and its host galaxy. We construct the bolo-
metric lightcurve of LSQ14mo and fit models in Sect. 3, and here
we also compare it to the lightcurves and spectral evolution of
the other SLSNe. In Sect. 4 we applied the new spectral synthe-
sis model from Mazzali et al. (2016) for LSQ14mo. In Sect. 5
we present the various host galaxy properties. In the discussion
Sect. 6 and 7, we search for other SLSNe that have spectral fea-
tures indicative of a thin shell interaction; we argue that the entire
host system is an interacting dwarf galaxy. Finally, we conclude
in Sect. 8. The appendix contains log and magnitude tables and
provides more details on data reduction. In this paper we use a
cosmology of Hy = 70, Q, = 0.73, Q4 = 0.27. All magnitudes
reported are in the AB system. We assumed a Chabrier (2003)
initial mass function (IMF) of the host galaxy.
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2. Observational data
2.1. Supernova data

The multi-band optical lightcurves of LSQ14mo have been ob-
tained using several telescope and instrumental configurations
listed in Tables C.1. They are the QUEST instrument on the ESO
1.0-m Schmidt telescope dedicated to the LSQ survey; the 2.0-m
Liverpool Telescope (LT; Steele et al. 2004) using the 10:0 im-
ager; the 6.5-m Magellan telescope and the Inamori-Magellan
Areal Camera & Spectrograph (IMACS); the 3.58-m New Tech-
nology Telescope (NTT) using the ESO Faint Object Spectro-
graph and Camera (EFOSC?2) in the framework of the PESSTO
program (Smartt et al. 2015) We discuss the reduction and pho-
tometric calibration of these images in detail in the Appendix.

Additionally, we have ultraviolet data from the Ultraviolet
and Optical Telescope (UVOT) on the Swift satellite, with (uvw2,
uvm?2, uwwl, and u observations; see Poole et al. 2008) covering
the spectral range ~ 1600-3800 A. Those observations were
acquired only within a few days of maximum light. The data
were reduced using the HEASARC ! software. All measured
magnitudes and detection limits are listed in Table C.1 and C.2.

We obtained a series of spectra of LSQ14mo from —7.0d to
+56.5d using NTT+EFOSC2 within the PESSTO program. The
observational log is reported in Table 1. The NTT + EFOSC2
data were reduced in a standard fashion using the PESSTO
pipeline (Smartt et al. 2015). This applies bias-subtraction and
flat-fielding with halogen lamp frames. The spectra were ex-
tracted using the pipeline and wavelength-calibrated by identi-
fying lines of He and Ar lamps, and flux-calibrated using sensi-
tivity curves obtained using spectroscopic standard star observa-
tions on the same nights. The final data products can be found in
the ESO Science Archive Facility as part of PESSTO SSDR2?,
and all spectra will also be available through WISeREP? (Yaron
& Gal-Yam 2012).

2.2. Host galaxy photometry

We gathered deep, high spatial resolution images of LSQ14mo
and its host galaxy system after +250d with PESSTO (see
Sect. A). We chose the best-seeing (0.8”) i-band image taken
at +293.1d to determine that there are three components in the
host galaxy system PSO J155.6730-16.9216. We have named
these positions A, B and C from south to north, respectively (see
Fig. 1) and will use these names throughout this paper. The SN
is located coincident with the flux at position C. We selected
appropriate aperture sizes for positions A, B and C, to limit the
contamination from each corresponding component (2.5”, 0.75”
and 1" for positions A, B and C, respectively). Aperture photom-
etry was then carried out within IRAF/DAOPHOT, and we used the
same aperture size to measure the flux of local secondary stan-
dards in the field (see Sect. A) to set the zeropoint. We found
i = 20.98 + 0.04 mag for component A, 23.75 + 0.10 mag and
23.44+0.10 mag for components B and C. We obtained pure host
images on 2015 December 17 (+539.2 d) using the Gamma-Ray
Burst Optical/Near-Infrared Detector (GROND; Greiner et al.
2008). We did not detect a 4000A break for positions B and C
as expected to have g — » > 0.3 mag from the synthetic photom-
etry of the spectra. All photometry measurements are listed in
Table 2.

! NASA’s High Energy Astrophysics Science Archive Research Center
2 Data access described on www.pessto.org
3 http://wiserep.weizmann.ac.il

Fig. 1: Left: VLT + FORS2 slit angle overlaid on NTT +
EFOSC2 (PESSTO) i-band image of the host galaxy sys-
tem taken on 2015 February 12 (+293.1d). We have labelled
the LSQ14mo position (C), bright Huregion (B) and PSO
J155.6730-16.9216 (A). North is up and east to the left. Right:
Portion of the 2D spectrum from VLT + FORS2 showing the
emission lines HBand [Om] 244959,5007. Three spatially re-
solved components A, B and C, also offset in velocity, are clearly
seen.

The brightest component, position A, was detected in Pan-
STARRSI1 37 images as PSO J155.6730-16.9216. Those stack
images (from February 2010 to 2013 May) were taken before
the SN explosion. The position A was also marginally detected
in Galaxy Evolution Explorer (GALEX) images and designated
as GALEX J102241.6—165517, with a magnitude of NUV =
22.87 +0.39 (~ 2271 A) in the AB system (GR6 catalog*).

2.3. Host galaxy spectroscopy

The deep host spectra were taken with the 8.2m Very Large
Telescope (VLT) + FOcal Reducer and low dispersion Spectro-
graph (FORS2; Appenzeller et al. 1998) during 2015 January
and February (around +294 d, listed in Table 1). The slit angle is
13.066 degrees rotated from the north (see Fig. 1 for the slit po-
sition) to cover the C (SN location) and A positions. We shifted
the slit position by ~ 40 pixels for each individual frame, allow-
ing us to remove the sky emission lines by two-dimensional (2D)
image subtraction.

The 2D images were reduced using standard techniques
within RAF for bias subtraction and then removed cosmic rays
using L.A.cosmic (van Dokkum 2001), an algorithm for robust
cosmic ray identification and rejection. We finally stacked those
15 frames using an inverse-variance weighted average. The
stacked image (Fig. 1) clearly shows emission lines at three re-
solved spatial positions. The separations between those emission
lines are consistent with the brightest regions at positions A, B
and C in the deep NTT + EFOSC2 i-band image.

We extracted 1D spectra from the stacked science frame us-
ing the RAF/LONGSLIT package. We took a spectrophotometric
standard LTT 2415 for the flux calibration and used daytime
He+HgCd+Ar arcs for the wavelength calibration. More details
are given in the appendix. Subsequently, we corrected observed
spectra for a Milky Way extinction of Ay = 0.20 mag, which
for the assumed Ry = 3.1, corresponds to E(B — V) = 0.06 mag
(Schlafly & Finkbeiner 2011). We then shifted the spectra to the
rest-frame: z = 0.2556 for spectrum A, z = 0.2553 for spectrum
B and z = 0.2563 for spectrum C. The redshift was estimated
based on the observed wavelength of HBand [O mi] 114959,
5007 lines. The slightly different redshifts of three components
are clearly indicated from the emission line positions, see Fig. 1.

4 http://galex.stsci.edu/GR6/
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Table 1: Log of spectroscopic observations of LSQ14mo and its host galaxy. The phase (day) has been corrected for time dilation
(z = 0.256) and relative to the SN r-band maximum on MJD 56697. Resolution of NTT + EFOSC?2 is adopted from Smartt et al. (2015),
as measured from the sky lines. For VLT + FORS2 with a filter GG435+8] and a 1”.0 slit, the resolving power is 440 at the central
wavelength 5900A, and the dispersion is 3.27 A/pixel.

Date MID Phase Telescope Instrument Grism Exp.time Slit Resolution Range
(day) (sec) (") (A (A)
2014 Jan 31  56688.16 -7.0 NTT EFOSC2 Gri#l13 1800 x 1 1.0 18.2 3668-9269
Gr#l 1 1800 x 2 1.0 138 3357-7486
2014 Feb6  56694.19 -2.2 NTT EFOSC2 Gr#l1 1800 x 3 1.0 138 3357-7486
Gri#16 1800 x 3 1.0 134 6008-10008
2014 Feb 20 56708.06 8.8 NTT EFOSC2 Gri#l13 1800 x 3 1.0 18.2 3668-9269
2014 Feb 28 56716.13 152  NTT EFOSC2 Gr#l13 1800 x 3 1.0 182 3668-9269
2014 Mar 8 5672426 21.7 NTT EFOSC2 Gri#l13 2400 x 3 1.0 182 3668-9269
2014 Apr21 56768.04 56.5 NTT EFOSC2 Gri#l13 2400x4 1.0 18.2 3668-9269
2015Jan23  57045.18 277.2 VLT FORS2 GRIS_300V  1230x 10 1.0 10.2 4300-9600
2015Feb21 57074.28 3004 VLT FORS2 GRIS_300V  1230x 3 1.0 10.2 4300-9600
2015 Feb 24 57077.27 302.8 VLT FORS2 GRIS_300V 12302 1.0 10.2 4300-9600

Table 2: Photometry of each component of the host galaxy system of LSQ14mo using GROND, data were taken on 2015 December
17 (MJD = 57374.28), at +539.2 d. All magnitudes are in the AB system, with statistical errors. The aperture reported was measured
from the r-band image.

Position (aperture) | g r i z J H K

A(1.97) 21.85(0.15) | 21.27 (0.02) | 21.11 (0.05) | 21.07 (0.04) | 21.18 (0.09) | 21.31 (0.17) | 20.65 (0.14)
B (0.6”) 23.67 (0.15) | 23.59 (0.06) | 23.59 (0.12) | 23.67 (0.18) | - - -

C (0.8") 23.82 (0.15) | 23.61 (0.06) | 23.50 (0.12) | 23.56 (0.18) | 23.61 (0.62) | - -

A+ B(3.2") 21.49 (0.16) | 21.00 (0.03) | 20.97 (0.05) | 20.92 (0.06) | 20.79 (0.09) | - -

Fig. 2 shows the final spectra corresponding to the positions A,
B and C.

We estimated radial velocity offsets from their relative red-
shifts: ~ —90kms~! from position A to B, ~ 300kms~! from
B to C, and ~ 210kms~! from A to C. For comparison, the ro-
tational velocity of the Milky Way is about 220 kms™' at the
position of the Sun. The radial velocities are around 270 kms™!
for the Large Magellanic Cloud (LMC) and 150 kms~! for the
Small Magellanic Cloud (SMC) (see Fig. 3 of Briins et al. 2005).
Hence these three components may be kinematically associated,
although it is not possible to distinguish whether the three com-
ponents are part of a single galaxy with B and C being tidal tails
of A, or if C is a satellite galaxy of A. Hence we refer to them
as a “host galaxy system” in this paper. For further discussion of
the nature of this host system see Sect. 7, where we propose that
the component B is a new-born Hurregion and the component C
may be a satellite or merging with the component A.

3. Supernova results
3.1. Lightcurve

Fig. 3 shows the observed lightcurves of LSQ14mo. We have
ground-based photometry of LSQ14mo in gri-bands covering
the period —20d to +70d, and late-time (> 250 d) detection lim-
its. We also have a few epochs around maximum light from the
Swift UV observations. The comparison of our data with the
early-phase photometry of Leloudas et al. (2015a) shows excel-
lent agreement. The two-day cadence survey strategy employed
by LSQ provides a good constraint on the explosion epoch. The
earliest detections of LSQ14mo appear to show an initial de-
cline, which could be consistent with the double-peaked struc-
ture exhibited by LSQ14bdq (Nicholl et al. 2015b), SN 20060z
(Leloudas et al. 2012), DES14X3taz (Smith et al. 2016) and
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PTF12dam (Vreeswijk et al. 2016), and has been proposed to
be common in SLSNe Ic (Nicholl & Smartt 2016). However,
the photometric errors on these points are relatively large, and
an early bump cannot be definitively identified in the case of
LSQ14mo. The inset panel of Fig. 3 shows the absolute g-band
pre-maximum lightcurves of LSQ14mo and LSQ14bdq with a
stretch in time divided by 2.5.

Our best-sampled photometry is in the 7-band, which at red-
shift z = 0.256 approximately corresponds to the rest-frame
g-band. We converted to absolute magnitudes using a distance
modulus from the cosmology calculator of Wright (2006), cor-
rected for a Milky Way extinction (Ay = 0.201), and applied K-
corrections. We employed the pysynpHOT module within pyTHON
to calculate synthetic photometric quantities for spectra at the
given gri-band pass, then we shifted the spectra to the rest-frame
(z = 0.256) and calculated the synthetic photometry again. The
differences between these were adopted as K-correction values,
which were double checked using the sNAKE code (Inserra et al.
2016b). These values are given in Table C.4. We interpolated the
corrections linearly to all epochs with imaging. Finally, we con-
sidered that the internal dust extinction from the host galaxy is
negligible given by the ratio of He and Hf lines.

In Fig. 4, we compare the rest-frame g-band lightcurve to a
sample of other SLSNe. The peak luminosity, M, ~ —21, is typ-
ical of these fast-declining events and fainter than those slowly-
fading objects (for a larger sample comparison, see Nicholl
et al. 2015a). The rise time and overall lightcurve width are
very similar to SN 2011ke (Inserra et al. 2013), SN 20060z
(Leloudas et al. 2012) and SN 2010gx (Pastorello et al. 2010);
and much narrower than other events like PTF12dam (Nicholl
et al. 2013; Chen et al. 2015) and LSQ14bdq (Nicholl et al.
2015b). LSQ14mo appears to transition to a shallower decline
rate after * 30d from peak. Similar transitions are apparent in
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Fig. 3: Photometry of LSQ14mo from the UV to the optical.
The early- and late-time 30" detection limits are shown in empty
symbols. The phase (day) has been corrected for time dila-
tion (z = 0.256) and relative to the SN r-band maximum on
MID 56697. The period from 100 to 200 days is skipped due
to no observations. The inset panel shows the absolute g-band
pre-maximum lightcurves of LSQ14mo and LSQ14bdq with a
stretch in time divided by 2.5, an early bump of LSQ14mo is
plausibly detected. For comparison, the optical photometry given
by Leloudas et al. (2015a) has shown in dashed lines that in a
good agreement.
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Fig. 4: Absolute rest-frame g-band lightcurve of LSQIl4mo
compared with other type I SLSNe. The peak brightness of
LSQ14mo of —21 mag is typical for fast-declining events and
fainter than slowly-fading SLSNe. We note that after +50d,
LSQ14mo and SN 2011ke show a shallower decline rate which
is similar to a %*Co decay tail. Data for comparison are taken
from Pastorello et al. (2010); Quimby et al. (2011); Leloudas
et al. (2012); Inserra et al. (2013); Nicholl et al. (2013, 2015b,
2016b); Vreeswijk et al. (2014).
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other SLSNe, notably SN 2011ke, but the tail of LSQI14mo is
brighter than SN 2011ke, and by +70d it is much brighter than
SN 2010gx, highlighting the rather diverse late-time behaviour
of SLSN lightcurves.

3.2. Spectroscopic evolution

The NTT+EFOSC2 (of the PESSTO program) spectra of
LSQ14mo are shown in Fig. 5. They have been corrected for
Galactic extinction and shifted to the rest-frame at z = 0.256.
The pre-maximum spectra are dominated by a blue continuum
with a blackbody colour temperature of = 13000-15000 K, and a
distinctive W-shaped absorption feature between 4100-4500 A.
These lines have been attributed to O 1 by many authors since
they were first identified by Quimby et al. (2011), and are gen-
erally seen in SLSNe Ic at this phase. The presence of ionized
oxygen is consistent with the high temperatures around peak.
Recently, Mazzali et al. (2016) suggested that these lines must
be excited non-thermally. One scenario that could explain this is
X-ray injection from a magnetar.

As LSQ14mo ages, its spectrum variously resembles other
well-observed SLSNe such as PTF09cnd (Quimby et al. 2011),
SN 2013dg (Nicholl et al. 2014) and SN 2010gx (Pastorello et al.
2010). The continuum becomes substantially cooler between 1
to 2 weeks after maximum, the black-body fitting temperature
drops from ~ 14000 K at peak to ~ 7400K at +15.2d. At this
phase it is dominated by Fen and intermediate mass elements
(bottom panel of Fig. 5). In Sect. 4, we will examine the evo-
lution of the lines and continuum in more detail using spectral
synthesis models (Mazzali et al. 2016).

3.3. Bolometric lightcurve and model fits

To build the bolometric lightcurve of LSQ14mo, we used our
photometry and spectroscopy to construct the spectral energy
distribution (SED) as a function of time, and built a bolomet-
ric lightcurve with a code supErBOL’. As we lack coverage in the
NIR, and have Swift UV photometry only at maximum light, we
estimated the UV and NIR contribution at each epoch with spec-
troscopy via blackbody fits. Since blackbody fits do not take into
account metal absorption lines in the UV (e.g. Chomiuk et al.
2011), we used our Swift measurements to calculate the degree
of absorption. Around —5d, we found that the flux in the UVW2
(filter central wavelength at 1928A) is 48% of the blackbody
prediction, and 56% in the UVW1 (filter central wavelength at
2600A). We assumed that this suppression ratio is constant at all
times.

We then linearly interpolated the K-corrected g- and i- band
— and predicted UV and NIR - fluxes to all epochs with r-band
photometry, corrected for the distance to the SN, and numer-
ically integrated the SED assuming that the flux goes to zero
outside of the Swift uvw2 and K-bands. We also added additional
4% flux from the UV contribution for the last two epochs, as dis-
cussed by Chen et al. (2015) that UV radiation is not zero in the
late time. The fraction of energy emitted in the optical, UV and
NIR for LSQ14mo is very similar to other fast-declining SLSNe
(Inserra et al. 2013). At —20 d, the fraction of UV of 41%, optical
of 53% and NIR of 6%; at +20 d, those fractions evolved to 12%
of UV, 69% of optical and 19% of NIR; at at +70d, there are 4%
of UV, 60% of optical and 36% of NIR. This gives us confidence
in the method used to derive the fluxes from UVW?2 through

> https://github.com/mnicholl/astro-scripts/blob/master/superbol.py
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Fig. 5: Top: Spectral evolution of LSQIl4mo taken by
NTT+EFOSC?2 of the PESSTO program. Blackbody curve fits
(grey) show that the temperature before maximum light is =
13000-15000 K and cooling rapidly to ~7000 K by 20 days after
peak. The inset shows the Mg 11 absorption features from the host
ISM taken at —2.2d. Bottom: Comparison with other SLSN spec-
tra. The prominent lines and their profiles are virtually identical
to other SLSNe.

to K-band, but does not account for flux beyond these limits.
For comparison, we also present the optical pseudo-bolometric
lightcurve as well, based on real ugri photometry.

The pseudo bolometric lightcurves and full bolometric
lightcurves of LSQ14mo are plotted in Fig. 6 and the data points
are listed for reference in Table C.5. Uncertainties are accounted
for in the error bars in Table C.5. These include the error in pho-
tometric measurements and an uncertainty arising from the ex-
trapolation methods for the missing filter data, using constant
colour evolution or linear interpolation. The luminosity limits
derived from our late non-detections are unfortunately not deep
enough to provide constraints to the model, hence we do not plot
these on the figures.

As shown by Fig. 6, the magnetar spin-down models (Inserra
et al. 2013)% provide an excellent fit to the data. We assumed that

® Magnetar lightcurve fitting code is
available at A. Jerkstrand’s webpage:
https://star.pst.qub.ac.uk/webdav/public/ajerkstrand/Codes/Genericarnett
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netar with a magnetic field of 5.1 x 10" G and an initial spin
period of 3.9 ms and the SN ejecta mass of Mg; = 3.9 M,.
The Ni-powered model with 7 Mg *°Ni mass that is ~ 90% of
the SN ejecta mass. The interacting model gives a SN ejecta of
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Fig. 7: Temperature and velocity evolution of LSQ14mo. Red
and green lines are given from the magnetar modelling re-
sults. For observational data, the velocity was measured from
the Femr 45169 line, and temperature was measured by fitting a
black-body curve to spectra. The consistency of those two in-
dependent parameters is suggestive of a magnetar as the power
source.

the magnetar spin-down energy is fully trapped in the ejecta and
obtained a best fit (reduced y? of 1.40) with a magnetic field
strength of 5.1 x 10'* G and initial spin period of 3.9 ms with
M. = 3.9 Mg and Ey = 3.14 X 10! erg. Fig. 7 shows the evolu-
tion of temperature and velocity of LSQ14mo. The results from
the magnetar model fit are compared with observational data: the
velocity was measured from the minimum of Fe 1 15169 absorp-

tion and the temperature was measured by fitting a black-body
curve to spectra. Those independent parameters from the model
and from the observation got a good agreement, which supports
a magnetar as the underlying power source of LSQ14mo.

Alternatively, we can fit the data with an interaction-powered
model (Chatzopoulos et al. 2012). We assume a uniform CSM
shell with an inner radius of 10" cm (for details see Nicholl
et al. 2014). Our best-fit model is shown in Fig. 6, and re-
produces the data very well. The parameters for this fit are:
Mg = 33Mo, Mcsm = 20Mg, Ex = 6.6 x 10°%erg, and
pesm = 7 % 10713 gem™3. Although this gives a satisfactory fit
to the light curve, our spectroscopic modelling (Sect. 4) suggests
that most of the luminosity is emitted by rapidly expanding ma-
terial, therefore we disfavour this model relative to the magnetar
scenario. However, as we will discuss, there may still be a (sub-
dominant) contribution to the light curve from interaction.

Finally, we show a bolometric lightcurve model powered
by the nuclear decay of °Ni in Fig. 6. The **Ni-powered LC
model is derived in the same way as in Inserra et al. (2013).
The model has a **Ni mass of 7 My with M, = 8 My and
Ey = 5 x 107 erg. The unrealistically high fraction of *°Ni to
ejecta disfavours the *Ni-powered model. Fig. 6 shows the mag-
netar model can mimic the ®Ni-powered lightcurve very well.
As discussed in Moriya, Chen & Langer (submitted), they found
that most ®Ni-powered lightcurves can be reproduced by mag-
netars which require the magnetar spin-down to be by almost
pure dipole radiation with the breaking index close to 3.

3.4. Late-time spectrum of LSQ14mo compared to
SN 1998bw

The late-time spectrum of LSQ14mo taken with VLT around
+300d is dominated by the host galaxy. We estimated the de-
tection limit of [O1] 6300A , the strongest feature of type Ic SNe
in nebular phase, by comparing the spectrum of LSQ14mo to the
spectrum of the bright broad-line type Ic SN 1998bw at +337d
(Patat et al. 2001). We did this in two ways.

Firstly we scaled the spectrum of SN 1998bw to match the
photometry, and placed it at the same distance as LSQ14mo. We
compensated for the difference in phase according to the *°Co
decay rate and y-ray trapping of SN 1998bw. We then shifted
the SN 1998bw spectrum to match the red part of the continuum
in LSQ14mo, and estimated the detection limit of [O1] 6300A
in the spectrum of LSQI4mo at +300d to be 1.4 x 1078
ergs™' cm™2 A~!. This is similar to the comparison routines em-
ployed in Inserra et al. (2016b).

Alternatively, we took the LSQ14mo FORS?2 spectrum, sub-
tracted the stellar population model at position C (see Fig. 2),
and corrected the spectrum to rest-frame luminosity (Lyey(4d) =
471Di(1 +2) fobs(4)). Then we applied the same to the SN 1998bw
spectrum and scaled it by 5 and added it to the LSQ14mo
spectrum. This illustrates that we would have detected the
[O1] 6300A doublet if it had been 5 times more luminous than in
SN 1998bw, or if the luminosity was Lezpp > 2.3 X 103gergs s
(see Fig. 8).

The peak bolometric

luminosity of LSQI4mo is
104404 !, which is

ergs”, 10 times brighter than that of
SN 1998bw (~ 10%9 ergs™!). Jerkstrand et al. (2016b);
Nicholl et al. (2016a) pointed out that the late-time spectrum
of the SLSN SN 2015bn is very similar to SN 1998bw. Since
our FORS2 spectrum shows that LSQ14mo is less than 5 times
more luminous than SN 1998bw at late phases, this suggests
an upper limit for the nickel mass of 5 times the nickel mass
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Fig. 8: The VLT+FORS2 spectrum of LSQ14mo (position C)
in black, with the stellar population model subtracted and cor-
rected to restframe luminosity. The restframe spectrum of the
broad-line type Ic SN 1998bw at +337d (Patat et al. 2001),
scaled to the distance of LSQ14mo, is shown in red, indicating
the strength of the [O1] 116300,6364 doublet. The green spec-
trum is SN 1998bw multiplied by a factor 5. The blue spectrum
shows LSQ14mo with the SN 1998bw X5 spectrum added, illus-
trating an upper limit to the detection of the [O1] 116300,6364
doublet. A broad feature of this strength would have been visible
in the LSQ14mo spectrum. The atmospheric telluric absorption
features are marked with the earth symbol.

in SN 1998bw. If we take 0.4 Mg as the representative >°Ni
mass for SN 1998bw (Maeda et al. 2006), then the flux limit
of LSQ14mo suggests an upper limit of about 2Mg of Ni
ejected by LSQ14mo. This is much lower than the 7 M, *°Ni
mass needed to power the luminosity of LSQ14mo at maximum
light (see Sect. 3.3). Therefore, we rule out nickel-power as the
underlying energy source in LSQ14mo. This spectroscopic late-
time detection limit result supports the finding from Chen et al.
(2013) , who used a similar method. They found the upper limit
of °Ni production for the fast-declining SLSN SN 2010gx to
be similar to or below that of SN 1998bw (0.4 M, ). This small
amount of °Ni cannot reproduce such bright peak luminosity.
However, the late-time (+253 d) photometric detection limit of
LSQ14mo (9.31 x 10* ergs™') is not deep enough to compare
with that of SN 1998bw (1.35 x 10%7 ergs™!).

4. Synthetic spectrum modelling of LSQ14mo
4.1. Theoretical modelling

The spectra of LSQ14mo were modelled following the approach
described in Mazzali et al. (2016). These models use a monte-
carlo supernova radiative transfer code (Mazzali & Lucy 1993;
Mazzali et al. 2000; Lucy 2000), and have been used for SNe Ia
(e.g. Mazzali et al. 2014) as well as SNeIb/c (Mazzali et al.
2013)% and has recently been applied to SLSNe (Mazzali et al.
2016)

The code assumes that the SN luminosity is emitted at a
sharp inner boundary and follows the propagation of energy

7 The luminosity of PTF09cnd is one order of magnitude smaller than
what indicated in their Table 3. This error only affect the table, not the
actual calculation.
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packets through the expanding SN envelope, which has a char-
acteristic SN density distribution. In the case of SLSNe, Mazzali
et al. (2016) find that a steep density gradient yields good fits
to the absorption-line spectra of different SLSNe. They find that
thermal conditions in SLSNe explain some of the lines, but Ot
lines near maximum and He1lines after maximum require non-
thermal excitation/ionisation, which they claim may be the result
of X-rays leaking from a magnetar-interaction.

4.2. Modelling of LSQ14mo

We adopt a model similar to those used in Mazzali et al. (2016).
We prefer a modest mass for the ejecta, ~ 6 Mg . The kinetic en-
ergy is proportionally high, ~ 7 x 10°! ergs, which gives a E/M
(kinetic energy in unit 10°! ergs and ejecta mass in log M, ) ratio
of ~ 1. This mass is slightly higher than, but similar to, that of
our magnetar lightcurve fit of 4 M, (Sect. 3.3), and the E/M ra-
tio is also similar. Overall, the scenario we consider here is not
inconsistent with the magnetar model inferred by the lightcurve
fitting. The spectral synthesis models for the LSQ14mo spectral
time series are presented in Fig. 9 and discussed individually be-
low.

The first spectrum at —7.0d has formally an epoch of 18
days after explosion (fits obtained from the model). This is well
within the reconstruction of the detection limit and lightcurve of
LSQ14mo. The —7.0d spectrum is characterised by a steep blue
continuum and absorption lines of mostly O 11. This spectrum has
a luminosity log L = 44.10 (ergs™') and a photospheric velocity
of 17000 km s~!. The composition (relatively) is dominated by O
(0.51) and C (0.31). We assume He (0.10) and lower abundances
of Mg (0.01), Si (0.04), Ne (0.02) and other intermediate-mass
elements, including S, Ca, Ti and Cr. The Fe abundance in the
layers above the photosphere is bout 1/3 solar, consistent with
the host metallicity measurement. The strongest features re-
produced are the O i1 near 3200, 3600 and 3900A and the dis-

tinctive 4200 A (blended with Sim) and 4400 A blends of On
transitions. The spectrum does appear to turn over at 3200, which
is probably the Sim line near 3000A. Other very strong lines are
predicted in the UV (further blue than our rest-frame spectra) in-
cluding Mg 11 near 2600 A. The C line at 6300 A is predicted to
be shallow and weak, and is not visible at the signal-to-noise of
our spectra in this region.

The second spectrum at —2.2d has log L = 44.04 (ergs™!)
and a photospheric velocity of 15000 kms~!. This is a small
change in L but a 2000kms~' change in velocity over 5 days.
The observed spectrum is very similar to that of —7.0 d. We used
a very similar composition as for —7.0d, with slightly less Mg.
The abundances of several elements would be best set if the flux
further in the UV was known, which is unfortunately not the
case. Our model reproduces the overall spectral shape and the
quality and strength of most lines, but the model continuum is
slightly lower (but probably significant) than the observed flux
between about 3500 and 4800 A. There may be reprocessed flux
from the UV via metal lines in the observed spectrum, but it is
unlikely that line fluorescence processes lead to such a smooth
enhancement of the flux in such a limited spectral region. We
may instead be witnessing the beginning of a short-lived addi-
tional energy source, as we will discuss in the next section.

The third spectrum taken at +8.8d is less blue and the O
lines have disappeared. This intermediate spectrum has a lu-
minosity logL = 43.83 (ergs™') and a photospheric velocity of
13750 kms~!. Other lines in the model are similar to the later
epoch, but Fen and Mg 1 are weaker. Fe 11 lines are still present
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at 4700-5000 A. The line at 4300 A could be matched with Her.
Near 3700 A, Cam is also very weak, and the line may be fit with
He 1. However, the fit to this spectrum is rather poor, and some of
the strongest predicted helium lines are not observed (e.g. 5876
and 6678 A). Therefore the assumption of 10% He may be too
high, suggesting a highly-stripped core. It appears that while the
luminosity is still high and the continuum blue,(7.¢ =~ 10, 000 K)
most lines are compatible with a cool spectrum such as that ob-
served at +21.7 d. The spectrum of LSQ14mo changes quite dra-
matically between the previous epoch (—-2.2d) and this one at
+8.8d.

The fourth spectrum at +15.2d is very similar to that at
+21.7 d, but it also has similar lines as that at +8.8 d. Our model
has logL = 43.68 (erg s™') and a photospheric velocity of 13250
kms~!. This means that a significant drop in luminosity is not ac-
companied by a drop in velocity. The model spectrum is redder
than that at +8.8d, but it still does not reproduce the observed
lines very well because the temperature is too high. The compo-
sition is the same as at +21.7 d. Excess flux seems to be present
from the NUV all the way to ~ 6000 A.

The fifth spectrum at +21.7 d is quite red, and it shows sim-
ilar lines to the ones in the +8.8d spectrum. It has a luminos-
ity logL. = 43.53 (ergs™!) and a photospheric velocity of 12500
kms~!. The composition is similar to the earlier epoch. The
strongest features in the model are Sim near 6100 A (a noisy re-
gion in the observed spectrum, but not clearly observed), Feu
multiplet 48 lines near 4700-4800 10\, Fe 1 and Mg i1 near 4300 A,
Cau blended with Sim near 3700 A, Tin and Cru near 3100 A.
Heavy line blocking suppresses the NUV flux. Compared to
iPTF13ajg (Mazzali et al. 2016, Fig. 4), the luminosity is a lot
lower, singly ionised species are now present, and many of the
features that were attributed to He 1 for iPTF13ajg spectra are fit
by Fen or Simin LSQ14mo.

It should be noted that LSQ14mo is significantly less lumi-
nous than iPTF13ajg, and it evolves much more rapidly than
both iPTF13ajg and PTF09¢cnd (see Fig.4), so direct compar-
isons must be treated with caution. Near maximum, the O n-rich
spectrum of LSQ14mo may be explained by non-thermal excita-
tion. The later absence of He lines may be interpreted either as
an indication that the He abundance is small, or that non-thermal
processes are no longer at play, which is less likely. The mod-
elling of iPTF13ajg (Mazzali et al. 2016) indicated the presence
of He1lines, but these were not required in PTF09cnd. Overall,
we do not see an obvious requirement for helium in LSQ14mo.

4.3. Interaction contribution seen in spectra

The spectrum after maximum (+8.8 d) shows a hot continuum,
but rather cool lines. This is difficult to reproduce if the SN ejecta
are in radiative equilibrium, and is actually the opposite situation
with respect to the epochs when O lines are present (in that
case, the excitation temperature of the lines is above the con-
tinuum temperature). One option is that the SN absorption-line
spectrum is indeed a cool one, and that additional luminosity is
provided in a form that does not affect the lines. In Fig. 10, we
present the spectra of LSQ14mo at +8.8d, +15.2d and +21.7d
with the continuum subtracted (assuming a black-body). The
subtracted spectra have a similar profile; in fact, the line iden-
tifications are the same at those three epochs. This could arise if
the ejecta were interacting with some porous or clumpy, H- and
He-poor shell, which might add a hot black-body component to
the flux, e.g. SN 2009dc had its luminosity augmented by in-
teraction of the ejecta with a H-/He-poor circumstellar medium

(Hachinger et al. 2012), as opposed to a H-rich one (e.g. Deng
et al. 2004).

We suggest that we may be witnessing the contribution of
a partially thermalised, additional source of luminosity, starting
after —2.2d and ending before +21.7 d. The spectrum at +8.8d
is the most heavily affected. Because the nature of the lines
changes between —2.2d and +8.8 d (from O 11 to Fe 1 and Mg 1),
while the continuum remains blue, it appears that this additional
component may not come from the same physical location where
the lines are formed.

5. Host galaxy properties
5.1. Galaxy size, extinction corrections and luminosity

The profile of the host galaxy is noticeably broader than the
stellar PSF, hence we can determine the physical diameter of
the extended source, assuming the relation: (galaxy observed
FWHM)?> = (PSF FWHM)? + (intrinsic galaxy FWHM)2. We
measured the FWHM at both the host positions A (1.74”) and
C (1.03”) and the average FWHM (0.80") of 7 reference stars
within a 2’ radius around the host on the NTT i-band image taken
on 2015 February 12 which had the best seeing condition (0.8").
We were unable to fit the FWHM of a Gaussian profile at posi-
tion B because of its irregular profile. This provides a physical
diameter of 6.17 kpc for position A at the angular size distance
of 824.4 Mpc, and a physical diameter of 2.63 kpc for position C
at 826.0 Mpc. For comparison, the size of the LMC is ~ 4.3 kpc
in diameter, and 2.1 kpc for the SMC.

The angular separations between positions A and C is ~
4”, measured from the brightest region of each galaxy com-
ponent, which corresponds to ~ 15.2kpc at the distance of the
LSQ14mo host system. The separation between positions A and
B is ~ 10.5 kpc, and between positions B and C it is ~ 4.7 kpc.
Those separations were consistent with that measured from the
emission line positions in three spectral traces.

We used the Balmer decrements to estimate the internal dust
extinction of the host galaxy system. The intrinsic line ratio is
expected to be Ha /HB = 2.86, assuming case B recombination
for T. = 10000K and n. = 100cm™3 (Osterbrock 1989). The
measured fluxes (Table C.3) of Ha and HS give a ratio of 3.10
at position A, which indicates an internal dust extinction of ap-
proximately Ay = 0.26 in the rest-frame, assuming Ry = 3.1. For
positions B and C, the Ha /HB value is slightly lower than 2.86,
corresponding to 2.57 and 2.74, respectively. Thus we assumed
that the internal dust reddening is negligible in positions B and
C,ie. Ay =0.

Finally we obtained the absolute g-band magnitudes (M)
from the observed r-band magnitude (m,) after applying K-
correction (Table C.4), foreground and internal dust extinctions,
using the formula: My, = m, — A, Mikyway + Krssg — Ay, host-
This gives us M, = —19.04 + 0.15 mag, —16.94 + 0.15 mag and
—16.85 £ 0.15 mag at the three components A, B and C, respec-
tively.

5.2. Stellar population ages in the host galaxy system

There are multiple stellar populations inside the galaxy. We
used the EW of Hea line as a tracer for on-going star-formation
and as an age indicator to probe a young stellar population
of Huregion. Such methods have also been employed recently
to analyse the spectra of the environments of local SNe (e.g.
Leloudas et al. 2011; Kuncarayakti et al. 2013). We found the
rest-frame EWs of Ha to be 5410\, 175A and 85A at positions A,
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Fig. 9: We applied the spectral synthesis model (in black) from Mazzali et al. (2016) for LSQ14mo spectra. The rest-frame epoch
respective to the r-band lightcurve maximum. The —7.0d spectrum is dominated by O and C, other intermediate-mass elements
also shown and labeled. The —2.2 d spectrum is similar to —7.0d in terms of element identification, temperature, luminosity and
velocity. The +8.8 d spectrum with a poor model fitting, it shows a hot continuum but rather cool lines. This implies an additional
luminosity may come from the SN ejecta interacting with a H- ad He-poor shell. The +15.2d spectrum is similar to +21.7 d, the
strongest features are intermediate elements such as Sim, Few, Mgm and Cam. All identified lines are labeled.

B and C, respectively. To be more consistent with our metallicity
measurement of the host system of LSQ14mo, we chose the new
simple stellar populations (SSP) model with low-metallicity (0.2
Zs ) from Kuncarayakti et al. (2016), which gave slightly older
ages than that of a solar metallicity. We further considered the
SSP with a Kroupa IMF (Levesque & Leitherer 2013) which is
similar to our assumption of a Chabrier IMF. Our EW range of
the Her line is much smaller than the continuous star formation
models (> 500A) and thus we chose the SSP model of an instan-
taneous burst of star formation. This resulted in a stellar popula-
tion age between 6.3 and 9 Myr for position A (as its metallicity
of 0.4-0.8 Z is between the SSP models of 0.2-1 Z ), 6.3 Myr
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at position B and 7.7 Myr at position C. The youngest stellar
population is located at the B position, while older, relatively
similar stellar populations are present at positions A and C (SN
location). The largest EW of Ha line at position B supports our
interpretation that the position B is a new-born bright Huregion
from the interacting activities of galaxies A and C.

The multiple populations are certainly existence of the
galaxy. We also reported the r-band light-weighted stellar pop-
ulation age given by maGpHYs. The mean age of position A
is slightly older at 212 Myr, than the 94 Myr and 118 Myr at
positions B and C, respectively. Alternatively, the fitting from
spectral continuum using STARLIGHT also implies both young (3-
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Table 3: Temperature, photospheric velocity and luminosity evolution of LSQ14mo from the spectral modelling results. The
phase (day) has been corrected for time dilation (z = 0.256) and relative to the SN r-band maximum on MJD 56697. The
explosion epoch is given from the spectral model. Tempy refers to radiation temperature and Temp.. is effective temperature.
Additionally list a black body temperature (Temppp) estimated from fitting the spectrum assuming a black body, this value is
similar with the radiation temperature. vs;so measured from minimum of Fe 1 45169 absorption.

Date Phase Exp.epoch Tempr Temp. IlogL Velocity Tempgg 05169

(day)  (day) (K) (K) (ergs™) (kms™") (K) (kms™")
2014Jan31 -7.0 I8 14885 13272 44.10 17000 14641 -
2014Feb6  -22 23 13971 12351 44.04 15000 13636 -
2014 Feb20 +8.8 34 9674 8961 43.83 13750 10083 10500 + 1500
2014 Feb 28 +15.2 40 7698 7465 43.68 13250 7421 10400 = 500
2014 Mar8  +21.7 47 6965 6700 43.53 12500 6488 10200 + 1500

Table 4: Main properties of the host galaxy system of LSQ14mo. The SN site locates at the position C.

Position A Position B Position C
RA (J2000) 10:22:41.55 10:22:41.52 10:22:41.48
Dec (J2000) —16:55:17.9 —16:55:15.2 —16:55:14.2
Redshift 0.2556 0.2553 0.2563
Projected separation (kpc) - 10.5 (A to B) 152 (Ato C)
Physical diameter (kpc) 6.17 - 2.63
Radial velocity offset (km s7h - -90 (A to B) 210 (Ato C)
Apparent r (mag) 21.26 +0.02 23.58 +0.06 23.60 + 0.06
Galactic extinction Ay (mag) 0.20 0.20 0.20
Internal extinction Ay (mag) ~0.26 ~0.0 ~0.0
Absolute g (mag) -19.04 £0.15 -1694+0.15 -16.85+0.15
GALEX NUYV (mag) 22.87 +0.39 - -
Ha Luminosity (ergs™") 1.04 x 10! 1.62 x 10%° 1.30 x 10%°
Ha EW,.,; (A) 54.10 174.67 84.94
SFR from Ha (Mg yr™!) 0.52 0.08 0.06
log Stellar mass (M) 8.8f8:; 7.6:’8:% 7.7f8:%
sSFR (Gyr™) 0.82 1.89 1.16
12 +1log (O/H) (T,) 8.00 = 0.31 - -
12 +log (O/H) (KK04 R»3) 8.62 +0.03 8.28 +0.03 8.18 £ 0.02
12 +1log (O/H) (PP04 N2) 8.31 +0.01 8.09 = 0.05 8.18 £ 0.05
12 +1log (O/H) (D16) 8.02 +0.03 - 7.92 +0.16
Youngest stellar population from He (Myr)  6.3-9 6.3 7.7

7Myr) and old (500 Myr) populations at positions A and C.
However, those values are model dependent and there are not
only those populations inside the galaxy. We only can argue that
a young stellar population is present as Ha emission line is de-
tected. For comparison, to date, Thone et al. (2015) reported the
largest EW of Ha line (> 800A) among the SLSN host galaxies
has been seen in the host of PTF12dam, and thus suggested a
very young stellar population at the SN site of ~ 3 Myr.

5.3. Stellar masses and star-formation rates in the host
galaxy system

To obtain stellar masses of the LSQ14mo host galaxy system, we
fit the available photometry with the stellar population models in
MAGPHYS (da Cunha et al. 2008) using Bruzual & Charlot (2003)
templates. The best fit is shown in Fig. 11, and returns masses (in
unit of logM/Mg, ) of 8.8t8:; for position A, 7.6’:8:; for position
B and 7.7’:8:% for position C. Here, the stellar mass is the median
of the probability density function (PDF) over a range of models
and the errors correspond to the 10 credible intervals of the PDF.
For comparison, the stellar mass of the SN position (C) given
by Schulze et al. (2016) of 7.89*%13 logM/M,, from the SED

-0.19
fitting, which is consistent with our estimate.

After correcting the He line luminosity for Milky Way and
internal host dust reddening, we applied the conversion of
SFR = L(He ) x 7.9 x 107*? to calculate the star-formation rate
(SFR; Kennicutt 1998), and then divided it by 1.6 assuming a
Chabrier IMF. The SFR of component A is 0.52 Mg yr~!, 0.08
M, yr~! for component B and 0.06 M, yr~! for component C.
Together with their stellar masses, we determined the specific
SFR (sSFR) of 0.82Gyr™!, 1.89 Gyr~! and 1.16 Gyr™! for com-
ponents A, B and C, respectively.

5.4. Gas-phase metallicity of the host galaxy

We carry out an abundance analysis based on both the strong line
methods and the “direct” measurement, derived from the weak
[O 1] 44363 auroral line detected at position A. The emission
line fluxes (Table C.3) have been corrected for Milky Way and
internal dust extinction (Sect. 5.1).

First of all, we checked the locations of the host system
of LSQ14mo on the BPT diagram (Baldwin et al. 1981). The
log([Om]/HB) = 0.39, 0.58 and 0.52 and log([Nu]/Ha) =
—0.91, —1.47 and —1.24 for positions A, B and C, separately.
They are all located at the star-forming galaxy region, while
components B and C are near the high ionised boundary with

Article number, page 11 of 20page.20



A&A proofs: manuscript no. TSWLatexianTemp_000003

le—17
2.0r

Call+Sill

+15.2d
+21.7d

1.5/TilN+cCrli Fe Il + Mgl

Flux (erg s! cm™2 A

|
<
n

-1.0

3500 4000 4500 5000 5500 6000 6500 7000
Rest-frame wavelength (A)

3000

Fig. 10: Subtracted continuum (assumed black-body fitting)
spectra of LSQ14mo at explosion epochs +8.8d, +15.2d and
+21.7d. The identification of spectral element features are the
same at those three epochs. This supports the idea that the
blue continuum observed in the +8.8d spectrum could be
due to an additional energy source that likely comes from
the interaction between the SN ejecta and a thin CO shell.

—— best-fit model A
—— best-fit model B
—— best-fit model C ||

scaled AL, + constant (erg/s)

M\();\‘:
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Fig. 11: The best-fit SED models of the host system of
LSQ14mo from macrHys, for three components A, B and C
are shown in blue, green and red lines. The colour circles
show the different bands photometry (shifted to the rest-
frame) for the three components of host system where it was
possible to have a clear detection. For instance, for compo-
nent A, the colour circles from left to right are from NUYV,
griz to JHK-bands photometry. The median and a 1o range
of stellar masses of components A, B and C are: 8.87), 7.6*(3

-0.2?
and 7.7ﬁ8:§ logM/Mj, , respectively.

log([O ] /HB) > 0.5. This characteristic of SLSN host galaxies
has been noticed in Leloudas et al. (2015b), and the host galaxy
of LSQ14mo (position C) also follows this trend.

We used the open-source PYTHON code pyMcz (Bianco et al.
2015) to calculate the oxygen abundance in different diagnos-
tics. We adopted (i) the Kobulnicky & Kewley (2004) (here-
after KKO4) calibration of the R,3 method which uses the
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([O 1] 224959, 5007 + [O 1] A3727)/HB ratio. We found an oxy-
gen abundance of 12 + log(O/H) = 8.62 + 0.03, 8.28 + 0.03
and 8.18 + 0.02 for positions A, B and C (where the Ha and
[N'11] 16584 ratio was used to break the R,3 degeneracy). (ii)
the N2 method of Pettini & Pagel (2004, hereafter PPO4) which
uses the log([N ] 16583/Ha ) ratio. They are 12 + log(O/H) =
8.31 £ 0.01, 8.09 + 0.05 and 8.18 + 0.05 for positions A, B and
C, respectively. In addition, we considered a new metallicity di-
agnostic proposed by Dopita et al. (2016, hereafter D16) which
uses [N 1] 46583, Ha, and [Su] A16717,6731 lines. We found
12 + log(O/H) = 8.02+0.03 for position A and that of 7.92+0.16
for position C.2

We also attempted an estimate of the metallicity at position A
from direct measurements of the [O 1] electron temperature. The
auroral [Omi] 44363 line is intrinsically weak and it is difficult
to detect since all SLSNe have been found at distances greater
than z = 0.1 (see Nicholl et al. 2015a). The marginal detection
(S/N = 3.6) of the auroral line seen in the spectrum of position
A gives an electron temperature of 7. = 13000 K assuming an
electron density of 100 cm™. This indicates a metallicity of 12
+ log(O/H) = 8.00 + 0.31.

The metallicities obtained from each of these diagnostics are
reported in Table. 4. To conclude, the SN location (position C)
exhibits the lowest metallicity when using the KK04 and D16 di-
agostics, even when accounting for the ~ 0.1 dex systematic un-
certainty in these diagnostics. This is perhaps unsurprising, given
the know correlation between M, and metallicity (e.g. Tremonti
et al. 2004), as position C also has the lowest stellar mass. It
is known that there is a systematic offset of 0.2-0.4 dex (and
sometimes up to 0.6 dex) between the KK04 method and both
the PPO4 and direct 7, method (Liang et al. 2007; Bresolin
2011), with the former giving systematically higher values. As
discussed in Kewley & Ellison (2008), for example, position A
with a stellar mass of 8.80 logM/M,,, a typical offset between
KKO04 R,5; and PP04 N2 is 0.35 dex, which is consistent with the
values we measured.

We further obtained a nitrogen-to-oxygen ratio of
log(N/O) = —1.35 £ 0.24 at position A from the R,3 cali-
bration method, assuming that N/O = N*/O*. We measured
log (N/O) = —1.58 +0.86 at position B, and —1.36+1.60 at posi-
tion C. This places those three components close to the “plateau”
seen at log(N/O) ~ —1.5 on the N/O versus O/H diagram of
galaxies (Pilyugin et al. 2003). For comparison, the mean values
of oxygen and nitrogen abundances in 21 Huregions of the
Small Magellanic Cloud are 12 + log(O/H) = 8.07 = 0.07 (T,
method) and log(N/O) = —1.55 = 0.08 (from literature values
summarized in Pilyugin et al. 2003). Hence the metallicity
environments in the host system of LSQ14mo are similar to (or
perhaps somewhat more extreme) than that of the SMC.

6. Discussion I: superluminous supernovae with
interacting features

As the hot continuum has been seen in our +8.8 d spectrum, we
propose that this additional energy is from the interaction be-
tween the SN ejecta and a thin shell or some clumps inside the
CSM. This material likely originates from a mass loss before
the SN explosion. Here we roughly calculated an upper limit on

8 'We note that, for position B, the line ratio combination required for
the D16 diagnostic returns a value (y = —1.12) at the edge of where their
calibration is applicable. Therefore, we did not apply this metallicity
diagnostic at position B.
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the energy input from such as interaction, and the place of this
interacting shell.

Firstly, we assumed +21.7 d spectrum as a baseline, any ad-
ditional luminosities at +8.8d and +15.2d spectra came from
the interaction. This is of course an upper limit on the interac-
tion energy, since the SN ejecta also cools down from +8.8d to
+21.7 d. The upper limit on the luminosity from the interaction
is up to 60% at +8.8d and 36% at +15.2d. From our synthetic
spectrum modelling results, the two early-phase spectra (—=7.0d
and —2.2d) were well fitted by the model (see Fig.9). Hence
we propose the interaction only happened after —2.2d and its
energy contribution peaked at +8.8 d. We assumed that the inter-
action plays a role of 60% at +8.8d and 36% at +15.2d, and
keep 30% after +15.2d while 0% around and before the SN
peak. This is clearly a coarse assumption, but we will use this
simple approach to illustrate the essential points. Fig. 12 demon-
strates the assumed bolometric lightcurve after subtracting the
interaction contribution. We assumed the remaining luminosity
is powered purely by a magnetar. Fitting this light curve (reduced
x? = 9.53), we obtain a magnetic field strength of 5.5 x 10'* G
and an initial spin period of 4.8 ms with M¢; = 2.7 My. We
subtract this new magnetar model fit from the model for the
full bolometric light curve (Sect. 3.3) and plot the difference in
Fig. 12 to give an estimate of the light curve component from
interaction.

Secondly, we estimated the location of this interacting ma-
terial. We determined an initial radius (Ry) of the SN photo-
sphere at —7.0d from the equation of L = 47TR(2)0'T4, where
o is the Stefan-Boltzmann constant, and we used the effective
temperature and luminosity listed in Table 3. Thus we got the
Ry = 2.39 x 10! cm. We approximated the radius of the next
epoch to R = Ry + v X 6;, where v is the photospheric velocity,
which we adopted to be the average between two epochs from
Ry to R. Then we moved on to the next epoch of +8.8 d, and ob-
tained the radius of 4.51 x 10'> cm of this interacting thin shell.

LSQ14mo is the first event for which interacting features
in fast-evolving SLSN spectra have been reported, by seeing a
hotter continuum and cooler lines. Hence we searched for other
SLSNe with similar behaviour. We found several fast-declining
SLSNe at the similar phase with LSQ14mo, with interaction
around 10 days after the maximum light. They are: SN 2013dg at
+9d, SN 2011ke at +9d, LSQI12dIf at +21 d, shown in Fig. 13.
A further larger sample study will be interesting to investigate.

Overall, LSQ14mo is one of the fastest evolving SLSNe of
type I which has a well constrained rise and decline (see Fig.4).
This fact leads to a relatively low ejecta mass of approximately
4 M , from the magnetar powering fits. This mass is on the lower
end of the distribution of low redshift SLSNe Ic presented by
Nicholl et al. (2015a). For such low masses, magnetar powering
inherently implies formation of a neutron star remnant and hence
a progenitor mass of ~6Mg, . Such a carbon-oxygen star would be
rather low mass for the final mass of a Wolf-Rayet star (Crowther
2007).

7. Discussions II: Interacting host galaxy
7.1. Star-formation activity

In Fig. 14, we plot the relation between M. and specific SFR
(sSFR = SFR/M..) for systems A, B, and C, along with a selec-
tion of local galaxies. SFRs for the Lee et al. (2004), Kennicutt
et al. (2008), Izotov et al. (2011), and Thuan et al. (2016) sam-
ples are measured via the dust-corrected Ha flux or narrow-band
luminosity, using the L(Ha)-SFR relation from Kennicutt (1998)
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45 65
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Sl', é lS lS lS M LSQl4mo observed bol
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Fig. 12: Combination of magnetar-powered and interaction con-
tribution of bolometric luminosity of LSQ14mo. The symbol “S”
marks the time when spectra were taken, and the green colour
“S” highlights the epoch with a hot continuum seen in the spec-
trum. Blue squares show the final bolometric lightcurve inte-
grated from UVW2 to K and fitted with a fully trapped magnetar
model in red; black empty circles show the lower limit of as-
sumed magnetar-powered lightcurve and fitted in blue. The lu-
minosity difference between red and blue magnetar models is
an additional energy source in green, which is speculated from
the interaction between the SN ejecta and a thin shell or some
clumps inside the CSM that from a massive star mass loss be-
fore the SN explosion.
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Fig. 13: Spectral comparison between LSQ14mo and other fast-
declining SLSNe at a similar observational phase. The inter-
acting feature of a blue continuum but rather cool lines is also
shown in SN 2013dg at +9d, SN 201 1ke at +9d, and LSQ12dIf at
+21d. Data for comparison are taken from Inserra et al. (2013);
Nicholl et al. (2014).

and the Cardelli et al. (1989) extinction law. Total SFRs for the
Guseva et al. (2009), Yates et al. (2012), and Berg et al. (2012)
samples were obtained from the SDSS-DR7 spectroscopic cat-
alogue (Brinchmann et al. 2004). All SFRs and stellar masses
have been corrected to a Chabrier IMF.
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Fig. 14: Relation between stellar mass (M,) and specific star-formation rate (sSFR) for positions A, B, and C (red points) from
LSQ14mo system, compared to a selection of local dwarf galaxies (z < 0.3). The contours represent the star-forming sample of
Yates et al. (2012), showing the 68th, 95th, and 99.5th percentiles of the distribution. The outer 0.5 per cent are shown individually
as grey points. All three LSQ14mo systems have star-formation rates (and specific star-formation rates) slightly higher than most

galaxies of their mass.

We note that the Kennicutt et al. (2008) and Berg et al.
(2012) data (orange and green points) contain very local galaxies
(z < 0.002), the Izotov et al. (2011) data (dark green points) com-
prises ‘green pea’ galaxies with particularly high specific SFRs,
and the other data represent a statistically significant sample of
He-bright dwarf galaxies out to a redshift of z = 0.3. Therefore,
these samples combined constitute a fair representation of the
range of sSFR found in the local dwarf galaxy population.

We can see from Fig. 14 that the three LSQ14mo systems
each have typical sSFR compared to the general star-forming
dwarf-galaxy population out to z = 0.3. This is consistent with
the idea that SLSN hosts, such as system C, need to have a
high sSFR in an absolute sense [i.e. log(sSFR/yr™') > —10.3]
(Leloudas et al. 2015b; Chen et al. 2016), but not necessarily
higher than other galaxies of the same stellar mass.

7.2. Interacting galaxy system

All three systems, A, B, and C, are in close proximity to
each other. Their projected separations are rp05a8 ~ 10.5 kpc,
projac ~ 15.2 kpe, and rpoi8c ~ 4.7 kpe, and their line-of-
sight velocity (vjos = cz) differences are Avjos ap = 89.94 kmy/s,
Aviosac = —209.86 kmy/s, and Avjospc = —299.80 km/s. This
means that all three systems are easily close enough to be con-
sidered interacting under typical selection criteria (e.g. Kewley
et al. 2006; Ellison et al. 2008; Michel-Dansac et al. 2008).
Interacting systems are known to exhibit enhanced SFRs and
lowered gas-phase metallicities compared to isolated galaxies of
the same mass (e.g. Lee et al. 2004; Peeples et al. 2009). This
is also seen for other SLSN type I host galaxies with disturbed
morphologies (Lunnan et al. 2015; Perley et al. 2016). However,
none of the three systems in LSQI14mo have particularly high
sSFR or low Z, for their stellar mass. Integral field unit (IFU)
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observations are therefore required to investigate this host sys-
tem more carefully, in order to better determine its interacting
state.

The maximum escape velocity of system C from A
(i.e. assuming that their true separation is simply their projected
separation, rprjac) can also be estimated. Firstly, assuming sys-
tem A is a central galaxy, we can use the multi-epoch abundance
matching technique of Moster et al. (2013) to obtain an estimate
of its dark matter (DM) halo mass. Abundance matching sta-
tistically determines the relationship between stellar mass and
DM halo mass by fitting the observed galaxy stellar mass func-
tion to simulations of dark matter halo growth (e.g. Moster et al.
2010). For the stellar mass and redshift of system A, this tech-
nique estimates a DM halo mass of log(Mpy/Mg ) ~ 11.0. In
order to estimate the amount of this DM that is within 7y ac,
we further assume the standard NFW (Navarro et al. 1997) DM
density profile and a DM concentration parameter of 16, both
of which are suitable for DM haloes of this size (Sawala et al.
2015; Bullock et al. 2001). This implies that ~ 29 per cent
of the DM is within the 15.2 kpc projected radius of system
C, and that the maximum escape velocity of system C from A
i8 Vese = 2G Mo/ Tprojac)'’? ~ 130 kmy/s. This is only ~ 62
per cent of the (orthogonal) relative line-of-sight velocity of
Avios ac = —209.86 km/s, suggesting that the system may not be
gravitationally bound and that system C could be in the process
of a fly-by past system A.

System B has the largest Ha line EW, indicating that it con-
tains the youngest stellar population. In addition, its weak stellar
continuum suggests that system B is not a galaxy but a new-
born bright H nregion, possibly formed due to the interaction be-
tween galaxies A and C. This is similar to the Antennae galaxies
(NGC 4038/NGC 4039) where many H nregions with high star-
formation are distributed around the off-nuclear regions (Wang
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et al. 2004). Theses kind of starbursting clumps are also seen
in other galaxy merger systems. For example, in tidal features
and very young stellar populations (e.g. Hancock et al. 2009;
Levesque & Leitherer 2013).

7.3. The stellar population of complex C

We found a young stellar population of ~ 7 Myr at the SN ex-
plosion site (position C). Thone et al. (2015) found a very young
stellar population of ~ 3 Myr at the SN site of PTF12dam, and
furthermore linked this to a quantitative estimate of 60 M, for the
SN progenitor. However, these data and analysis do not directly
prove that the progenitor was of this age and mass. As discussed
in Chen et al. (2015), the bulk of the stellar population in the host
of PTF12dam spans ages between 10-40 Myrs. There is certainly
evidence of a younger population of massive stars (a few Myrs
old) existing from the emission lines, but this does not indicate
that the progenitor was one of them. The same argument should
apply to the host system of LSQ14mo. The spatial resolution of
the spectra and images are seeing dominated and 1" corresponds
to 4kpc at z = 0.256. Therefore a direct age estimate is not re-
liable from ground-based spectra, and a quantitative mass is not
supported as a unique turn off mass to apply for the progenitor
mass of the SLSN.

The very deep spectrum of the host system of LSQ14mo al-
lows us to search for Wolf-Rayet (WR) star features, which are
a good tracer of recent massive star formation (Kunth & Sargent
1981). There are two main WR features (see e.g. Brinchmann
et al. 2008) seen in optical spectra: the blue (4600-4680 A) and
red (5650-5800 10\) bumps. However, we do not find these fea-
tures in our spectra for components A, B, or C. We followed the
method used in Thone et al. (2015) to determine the upper limit
of WR star populations. We measured the 30 detection limit of
He 14686 and CIV 15808 lines assuming a FWHM between
1000 and 3000 km s~! (Brinchmann et al. 2008). The luminosity
of Hemline is < 9.29 x 10 - 2.80 x 10¥* ergs~!, and of CIV
line is < 1.29 x 10*° - 3.86 x 10*° erg s™'. We also considered the
metallicity-luminosity relation for WR stars, using the eq. 7 and
8 in Lopez-Sanchez & Esteban (2010) and the host metallicity
of 12 + log(O/H) ~ 8.2 (i.e. 0.3 solar). We obtained the upper
limit of < 760-2280 of late-type WN stars, and < 670-2000 of
early-type WC stars.

The lack of WR star features may indicate that either there
is a very young stellar population environment which is younger
than 2 Myr before WR stars evolved, or it may imply an older
environment, such that WR stars have already died within 5 Myr
after a star-forming episode. The He EW indication of a 7 Myr
old stellar population at LSQ14mo host galaxy appears consis-
tent with the latter explanation. In addition, there is no narrow
galaxy He m 14686 line has been detected at the entire host sys-
tem of LSQI14mo. To date, only the host galaxy of PTF12dam
has been reported to have this line detection but which has no
WR star feature found neither (Chen et al. 2015; Thone et al.
2015).

8. Conclusions

LSQ14mo is a spectroscopically normal type Ic SLSN at z =
0.2563, with a fast-declining lightcurve. We have presented its
photometric and spectroscopic evolution from the early rising
phase through to around +70d after maximum light. Combin-
ing our multicolour data and K-correction from spectra, we were
able to build the bolometric lightcurve, which we fitted with

magnetar and CSM interaction-powered models. As with other
SLSNe, both scenarios can satisfactorily reproduce the observa-
tions. Using SN 1998bw as a template, we find that our upper
limit of 2Mg *Ni mass derived for LSQ14mo is not sufficient
to power the peak luminosity of LSQ14mo, and thus we ruled
out the purely *°Ni-powered mechanism. We fit our spectra of
LSQ14mo with a synthetic spectral model (Mazzali et al. 2016).
The early spectra can be reproduced assuming a magnetar-like
energy source, but residuals from the later fits suggest that there
may be a contribution from a partially thermalised, additional
source of luminosity, starting after day —7 d and ending before
+22d. The spectrum at +9d is the most heavily affected, which
shows a hot continuum but rather cool lines. We propose that
this additional component could be produced by the interaction
between the SN ejecta and a thin shell of material that was likely
released during a pre-explosion mass loss event of the massive
progenitor star.

Late-time imaging of the SN revealed a host galaxy sys-
tem with three resolved components. This was confirmed by
deep VLT+FORS2 spectroscopy, which showed emission lines
at three positions that are all spatially distinct and at slightly dif-
ferent velocities. LSQ14mo is coincident with the position we
designated C, which is the furthest from the brightest component
in the system (designated A), at a velocity offset of ~ 200km s~!.
This is comparable to the relative velocities of the Magellanic
Clouds relative to the Milky Way. The physical diameter of com-
ponent C (A) was found to be 2.6 kpc (6.2 kpc), and stellar mass
from the SED fitting of 10”7 Mg (1038 M, ), which is also com-
parable to the Magellanic Clouds. By resolving the SN location
in spectroscopy and imaging, we were able to carry out a de-
tailed analysis comparing the SN site to the global properties
of the host system. We found that the SN location had the low-
est oxygen abundance of the three resolved components, with
12 + log(O/H) = 7.92-8.18, depending on the metallicity diag-
nostics used. This is ~ 0.4 dex lower than the metallicity at posi-
tion A. On the other hand, we measured a fairly constant specific
SFR across the host system, and the specific SFR is typical com-
pared to the general star-forming dwarf galaxies at the similar
redshift. Finally, we derive a young stellar population (6-9 Myr)
at all three positions as traced by the Ha line width. We propose
that component C and component A are an interacting galaxy
system that has triggered star-formation, and that component B
is a new-born Hmregion, which thus shows the strongest EW of
Ha line and the weakest stellar continuum.

The low metallicity constraint is favoured by the magnetar
model as the power source for LSQ14mo. The spin-down period
(3.9 ms) and the host galaxy metallicity (12+log (O/H) = 8.18+
0.05, N2 scale) of LSQ14mo is in agreement with the magnetar
spin-period and host metallicity relation proposed by Chen et al.
(2016).
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Appendix A: Additional details of data reduction

LSQ detected the SN during the early rising phase (—7.8 rest-
frame days relative to the r-band maximum light on MJD =
56697). We investigated pre-discovery LSQ images and found
even earlier detections of this object on —22.2d. Although the
LSQ pipeline reports magnitudes of the SN at each epoch at
which it is detected, we opted to carry out our own point-spread
function (PSF)-fitting photometry on every image, in order to
maintain consistency between epochs on which the pipeline did
and did not detect SN flux automatically. The LSQ survey obser-
vations are carried out in a wide optical filter, effectively g + r.
We calibrated our PSF photometry to r-band using a sequence of
local field stars. We calculated the LSQ—r colour on each night
with a pipeline detection, and checked this against the expected
LSQ-r colour derived from synthetic photometry of the spectra
of LSQ14mo, finding the two to be consistent. The calibrated
photometry in the LSQ system was found to be very close to
r-band, with LSQ—-r < 0.02 mag.

The LT images were reduced automatically by the LT
pipeline, which applies de-bias and flat-field corrections. We ex-
tracted the SN flux using PSF-fitting, and calibrated the mag-
nitudes using local sequence stars, which were themselves cal-
ibrated against standard fields observed with I0:O on photo-
metric nights. We also obtained one epoch from Magellan +
IMACS, reduced with bias subtraction and flat-fielding. The
NTT + EFOSC2 data were reduced using the PESSTO pipeline
(Smartt et al. 2015) with bias subtraction and flat-fielding us-
ing twilight sky frames. Zeropoints were determined with 9 Pan-
STARRSI catalogue sequence stars in the field (Schlafly et al.

2012; Magnier et al. 2013) and converted to SDSS photometric
system (Tonry et al. 2012), and PSF photometry has been carried
out using the paopHOT task within IRaF® For the last two epochs
of g-band from the NTT + EFOSC2, we have applied a bandpass
correction of +0.31 mag from the Gunn g to the SDSS g (Inserra
& Smartt 2014).

After +250d, PESSTO took deep images to search for any
late SN signal (e.g. as in Inserra et al. 2013). We used i-band
data taken at +339.3 d and r-band data taken at +321.7 d as tem-
plates for image subtraction from the late epochs. The R-filter
was mis-used for 2 epochs, and thus we used R-band data taken
at +339.3d as a template to subtract the R-band image taken at
+252.6d. We aligned the images using the GEoMAP and GEOTRAN
tasks within 1RAF and employed the High Order Transform of
PSF ANd Template Subtraction (orpants)'® package to carry
out the subtraction. We did not detect a point source at the SN
position from +252.6d to +321.7 d, which indicates that either
there is no SN signal or the SN does not change its brightness
during these epochs. We assumed that the templates do not con-
tain SN signal, as the measured host magnitude remains stable
over these late epochs and no SN features are detected in deep
(~5 hours of VLT exposure) VLT spectra obtained during the
same phase (see Sect.2.3). We therefore measured 30 limiting
magnitudes on the late-time images, by adding 10 artificial stars
at ~ 0.5’ around the SN position, and re-measuring their magni-
tudes until we obtained a standard deviation of 0.3 mag.

We obtained pure host images on 2015 December 17
(+539.2d) using the Gamma-Ray Burst Optical/Near-Infrared
Detector (GROND; Greiner et al. 2008). A 7-channel im-
ager that collects multi-band photometry simultaneously with
g'r'i'z JHK filters, mounted at the 2.2 m MPG telescope at ESO
La Silla Observatory in Chile. We used different aperture sizes
to measure each component in each band, and calibrated against
Pan-STARRS1 sequence stars. We noticed that the ¢’-band im-
age has a higher light dispersion and the FWHM of stars are
larger than other filters. This affected our flux measurement of
the host components since they are not resolved clearly. We com-
pared GROND photometry to the host magnitude measurement
from the NTT + EFOSC i-band image, because different seeing
conditions cause differences in the PSF, and thus different aper-
tures sizes were needed. The two datasets are in agreement with
a systematic uncertainty of about 0.1 mag.

For our host spectra, FORS2 with the standard resolution
collimator provides a pixel scale of 0.25”/pixel. We used an
aperture size of 1.25” for trace A and a smaller aperture of 0.5”
for the spatially-close traces B and C to avoid including fluxes
from each other. Traces A and C are clearly identified from the
emission lines and the stellar continuum. No continuum trace is
visible at position B, but the nebular emission lines are clear;
we therefore used the continuum trace of C as a reference to
define the trace for position B. We employed a module of pysyn-
PHOT from PYTHON to calculate synthetic photometric quantities
for the extracted, flux-calibrated spectra A, B and C in the NTT
+ EFOSC?2 i-band bandpass, and then scaled the fluxes of spectra
to match their i-band photometry (Sect.2.2), by a scaling factor
of 2.72, 1.46 and 1.86 for spectra A, B and C, respectively.

° IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.

10" http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
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Appendix B: Emission line flux measurement

The spectrum A has strong stellar absorptions superimposed on
the Balmer lines. Spectra B and C suffer from the same effect,
but to a lesser extent (see Fig. 2). Hence we employed the spec-
tral synthesis code sTarLIGHT (Cid Fernandes et al. 2005, 2009)
to fit our observed spectra. We used the SSP model base of
Bruzual (2007) and selected 66 models from it. This selection
base has been applied in Stanishev et al. (2012); Galbany et al.
(2014, 2016), which consists of 66 components with 17 differ-
ent ages (from 1 Myr to 18 Gyr) and four metallicities (0.2, 0.4,
1.0 and 2.5 Z, where Zg = 0.02) coming from a slightly modi-
fied version of the models of Bruzual & Charlot (2003) and uses
a Chabrier (2003) IMF. In general, the model fittings are good
for three components with a y? of 2.22, 0.03 and 0.08 for posi-
tions A, B and C, respectively. The modelled spectra A, B and C
were subtracted from our observations and thus recover the true
Balmer emission line fluxes (Fig. 2).

The spectrum A has the highest signal-to-noise ratio, and
the main optical emission lines were all clearly detected, espe-
cially an intrinsic weak auroral [O 1] 44363 line is marginally
detected at 3.60. The spectrum B has the weakest continuum
but the largest emission line equivalent widths. The spectrum C,
where the SN located, shows no sign of a broad [O1] 16300 line,
which would generally be the strongest type Ic SN feature in the
nebular phase. Therefore there is no evidence for supernova flux
from LSQ14mo at this epoch. No He 1114686 line is detected at
any position in the host system.

Line flux measurements were made after subtraction of the
STARLIGHT synthesis models. We fitted gaussian line profiles using
the QUB custom built ProcspPEc environment within L. The full
width at half maximum (FWHM) for each line in a given spec-
trum was fixed to that of the [Om] 244959 line. The line width
is fairly closely matched with the instrumental resolution (~ 9A
in the observed-frame) measured from the skylines. We further
normalised the spectrum and determined the equivalent widths
(EW5s) of all identified lines. Uncertainties were estimated from
the EW and the root mean square (rms) of the continuum accord-
ing to the equation from Gonzalez-Delgado et al. (1994):

Wi
o, =0:4/N+ A (B.1)
where o; is the error on the flux of the emission line, o, is the
rms measured from the local continuum, N is the measured line
profile width in pixels, W; is the absolute value of the line EW in
A, and A is the spectral dispersion in A/pixel. The flux measure-
ments and related parameters are listed in Table C.3.

Appendix C: Observations log
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Table C.1: Log of optical imaging of LSQ14mo. The phase (day) has been corrected for time dilation (z = 0.256) and relative to
the SN r-band maximum on MJD 56697. The “>” denotes the 30 detection limit. Optical gri magnitudes are in the AB system and
parenthesized with statistical errors. Note: R-band magnitudes are marked with a * symbol.

Date MID Phase g (error) r (error) i (error) Telescope Instrument
2014 Jan 02  56659.23 -30.1 - > 20.94 - ESO 1.0-m Schmidt QUEST
2014 Jan 04  56661.22 -28.5 - >21.43 - ESO 1.0-m Schmidt QUEST
2014 Jan 06  56663.16 -26.9 - > 20.28 - ESO 1.0-m Schmidt QUEST
2014 Jan 08  56665.16 -254 - > 20.36 - ESO 1.0-m Schmidt QUEST
2014 Jan 10  56667.16 -23.8 - > 20.79 - ESO 1.0-m Schmidt QUEST
2014 Jan 12 56669.15 -22.2 - 20.82 (0.22) - ESO 1.0-m Schmidt QUEST
2014 Jan 14  56671.14 -20.5 - 21.04 (0.29) - ESO 1.0-m Schmidt QUEST
2014 Jan 16  56673.14 —-19.0 - 20.64 (0.22) - ESO 1.0-m Schmidt QUEST
2014 Jan 18  56675.13 —-174 - 20.41 (0.26) - ESO 1.0-m Schmidt QUEST
2014 Jan 20  56677.12 -15.8 - 19.95 (0.20) - ESO 1.0-m Schmidt QUEST
2014 Jan 22  56679.12 —-14.2 - 19.99 (0.12) - ESO 1.0-m Schmidt QUEST
2014 Jan 24  56681.14 -12.6 - 19.77 (0.21) - ESO 1.0-m Schmidt QUEST
2014 Jan 28  56685.12 -94 - 19.92 (0.16) - ESO 1.0-m Schmidt QUEST
2014 Jan 30  56687.17 -7.8 - 19.49 (0.14) - ESO 1.0-m Schmidt QUEST
2014 Feb 1 56689.09 -6.3 - 19.40 (0.24) - ESO 1.0-m Schmidt QUEST
2014 Feb 3 56691.09 -4.7 - 19.49 (0.11) - ESO 1.0-m Schmidt QUEST
2014 Feb 9 56697.01 0.0 19.48 (0.04) 19.42 (0.05) 19.57(0.06) LT 10

2014 Feb 9 56697.07 0.1 - 19.42 (0.19) - ESO 1.0-m Schmidt QUEST
2014 Feb 10  56698.03 0.8 19.52 (0.03) 19.50 (0.07) 19.53 (0.07) LT 10

2014 Feb 10 56698.98 1.6 19.54 (0.04) 19.42 (0.05) 19.49 (0.06) LT 10

2014 Feb 12 56700.01 2.4 19.52 (0.06) 19.50(0.10) 19.50(0.12) LT 10

2014 Feb 23 56711.07 11.2 20.13(0.07) 19.74 (0.08) 19.74 (0.09) LT 10

2014 Feb 26  56714.07 13.6 - 19.78 (0.16) - ESO 1.0-m Schmidt QUEST
2014 Feb 28 56716.08 15.2 - 19.86 (0.15) - ESO 1.0-m Schmidt QUEST
2014 Mar 02 56718.13  16.8 - 19.85 (0.21) - ESO 1.0-m Schmidt QUEST
2014 Mar 04 56720.03 18.3 - 20.03 (0.19) - ESO 1.0-m Schmidt QUEST
2014 Mar 06  56722.06 20.0 - 20.32 (0.15) - ESO 1.0-m Schmidt QUEST
2014 Mar 07 5672391 214 21.27 (0.20) 20.44 (0.07) 20.11 (0.11) LT 10

2014 Mar 08 56724.06 21.7 - 20.46 (0.16) - ESO 1.0-m Schmidt QUEST
2014 Mar 10 56726.14 23.2 - 20.65 (0.20) - ESO 1.0-m Schmidt QUEST
2014 Mar 12 56728.05 24.7 - 20.57 (0.19) - ESO 1.0-m Schmidt QUEST
2014 Mar 12 5672891 254 21.48 (0.27) 20.80(0.17) 20.41(0.13) LT 10

2014 Mar 18 56734.13 294 - 21.21 (0.35) - ESO 1.0-m Schmidt QUEST
2014 Mar 20 56736.88 31.8 21.78 (0.20) 20.97 (0.24) 20.54 (0.16) LT 10

2014 Mar 24 56740.23 344 - 21.11 (0.10) - Magellan IMACS
2014 Apr21  56768.02 56.5 23.77 (0.10) 22.42(0.13) 22.07 (0.16) NTT EFOSC2
2014 May 6  56783.01 68.5 24.14 (0.14) 22.85(0.15) 22.32(0.13) NTT EFOSC2
2014 Dec 23 57014.31 2526 - >23.92 > 24.46 NTT EFOSC2
2014 Dec 23 57014.31 2526 - > 23.79* - NTT EFOSC2
2015Jan 21  57043.31 2757 - > 23.96 > 24.04 NTT EFOSC2
2015Feb 12 57065.18 293.1 - >24.03 >24.03 NTT EFOSC2
2015 Mar 20 57101.07 321.7 - >23.63 > 23.34 NTT EFOSC2
2015 Apr 11 57123.18 3393 - > 23.22F >23.24 NTT EFOSC2

Table C.2: Ultraviolet photometry of LSQ14mo in the Swift UVOT bands. The phase (day) has been corrected for time dilation (z =
0.256) and relative to the SN r-band maximum on MJD 56697. Swift magnitudes are in the AB system, with the uncertainty including
statistical and systematic errors.

Date MID Phase wuvw?2 uvm?2 uvwl u

2014 Jan 31 56688.76 —-6.6 - 21.49 (0.17) 20.80(0.16) -

2014 Feb 02 56690.03 -5.5 21.81 (0.26) - - 19.62 (0.17)
2014 Feb 04 56692.03 —4.0 - - - 19.41 (0.15)
2014 Feb 05 56693.05 -3.1 - - - 19.92 (0.21)
2014 Feb 09 5669797 0.8 - - - 19.96 (0.20)
2014 Feb 11 56699.72 2.2 - - - 19.94 (0.20)
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Table C.3: Emission line measurements of the host galaxy sys-
tem of LSQ14mo in the observed frame. The spectra have been
corrected for Milky Way reddening corresponding to a dust ex-
tinction of Ay = 0.20. We measured the emission line fluxes
after subtracting the stellar continuum from the STARLIGHT spec-
tral synthesis models. The error is derived by the equation B.1.
We fixed the FWHM widths at the values derived from the
[O 1] 24959 line which correspond to the FORS2 resolution

Table C.4: K-corrections for LSQ14mo and its host galaxy
system derived from the spectroscopic observations using
sNAKE (Inserra et al. 2016b). The phase (day) has been cor-
rected for time dilation (z = 0.256) and relative to the SN
r-band maximum on MJD 56697. The MJD and phase of
the host galaxy was adopted from the middle time of three
VLT observations.

(9.05, 9.06 and 9.21A for positions A, B and C, respectively). Date MJD Phase K,., K-, K,
The relativity large rms and error of [Om] 25007 is due to a  LSQI14mo
strong sky line nearby. For luminosity, we have not applied for 2014 Jan 31 56688.16 -7.0 020 026 0.29
host galaxy dust reddening corrections. The internal host extinc- 2014 Feb 6 56694.19 -2.2 022 024 0.28
tion at position A is Ay = 0.26 derived by the intrinsic ratio 2014 Feb20  56708.06 8.8 0.28 027 0.26
of Ho and HB, and negligible at positions B and C. The unit of 2014 Feb28  56716.13 152 037 034 0.26
Flux, Error, RMS of X107 erg s7! cm™2, Luminosity of x10%* 2014 Mar8 5672426 21.7 041 038 0.25
ergs!. 2014 Apr21  56768.04 56.5 038 032 0.3l
Host galaxy
Position A 2015 Jan-Feb  57065.58 293.5
Line A(A) Flux Error RMS EW (A) Luminosity A 0.57 033 021
[Ou] 3727 498 3 0.7 58 o1 B 0.44 035 0.5
[Nem] 3868 392 3.5 1.2 4.6 7.9 C 058 037 0.19
HS 4102 231 23 0.8 2.7 4.7
Hy 4340 53 2 0.6 3 11
[Om] 4363 4.63 128 047 1.1 0.94
Hp 4861 137 1 04 11 28
[Om] 4959 121 1 0.3 12 25
[Om] 5007 332 8 2.1 32 67
[O1] 6300 35 2 0.6 5 7
[N ] 6548 11.6 1.6 0.6 1.7 24
Hea 6563 425 3 0.6 68 86
[N ] 6583 48 2 0.6 8 10
[Su] 6717 93 3 0.9 15 19
[Su] 6731 60 3 0.9 10 12
Position B
Line A(A) Flux Error RMS EW (A) Luminosity
[O1] 3727 74 0.8 0.13 90 15
[Nem] 3868 12 04 0.13 9 24
Hé 4102 74 033 0.11 4 1.5
Hy 4340 13 02  0.06 14 2.7
[Om] 4363 - - - - -
Hp 4861 31 04 0.08 40 6.3
[Om] 4959 39 0.3 0.08 45 8.0
[Om] 5007 119 35 0.49 144 24
[O1] 6300 6.1 0.63 0.20 11 1.2
[N 1] 6548 - - - - -
Ha 6563 80 1.1 0.13 219 16
[N ] 6583 2.7 041 0.13 9 0.6
[Su] 6717 78 079 0.21 23 1.6
[Su] 6731 69 081 0.21 25 14
Position C
Line A(A) Flux Error RMS EW (A) Luminosity
[O1] 3727 53 1.0  0.19 60 10.8
[Nem] 3868 88 054 0.15 9 1.8
Hé 4102 - - -- -
Hy 4340 93 043 0.13 4 1.9
[Omm] 4363 - - -- -
Hp 4861 23 0.5 0.12 21 4.8
[Om] 4959 26 0.7 0.18 23 52
[Om] 5007 77 6.2 1.11 70 15.7
[O1] 6300 - - -- -
[N ] 6548 - - -- -
Ha 6563 64 1.5 0.24 107 13.0
[N ] 6583 3.7 083 0.24 8 0.7
6717 68 0.81 0.22 13 1.4

[Su]
; 0.22 11 1.0
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Table C.5: Final and optical pseudo bolometric luminosi-
ties of LSQ14mo with their uncertainties. The SN phase is
reported with respect to the time of observed maximum r-
band light in the rest-frame. Note: The epoch of bolometric
lightcurve is corresponding to photometric epoch. Except
those epochs —7.0, —2.2 and +8.8 were derived from the
spectroscopy, and epochs 0.1 and 29.4 were dropped due to

large photometry errors.

Phase log Lo log Lpseudo
(day)  (erg/s) (erg/s)
222 4347 +£0.05 43.16+0.04
-20.5 4338 +0.05 43.08+0.04
-19.0 43.55+0.04 4324 +0.04
-17.4  43.64+£0.04 43.33 +0.04
-15.8 43.83+0.04 43.52+0.03
-142  43.81+£0.04 43.50+0.03
-12.6 43.90+0.04 43.59 +0.03
94 43.84+0.04 43.54+0.03
-7.8 44.01£0.04 43.71 +£0.03
70  44.03+0.03 43.73+0.03
-6.3  44.04+0.03 43.75+0.03
-47  44.03+0.03 43.74 +0.03
22 44.02+0.03 43.74+0.03
0.0 4399 +£0.03 43.72+0.02
0.8 4399 +0.03 43.72+0.02
1.6 4398 +0.03 43.73+0.02
2.4 4397 +£0.02 43.72+0.02
8.8 43.80 £0.03 43.64 +0.03
11.2  43.79+0.02 43.61 +0.02
13.6 4374 +0.02 43.58 +0.03
152  43.69+0.02 43.56 +0.04
16.8 43.67+0.02 43.55+0.03
183  43.62+0.02 43.50+0.04
20.0 43.57+0.02 43.44+0.04
214  43.52+0.02 43.39+0.04
217 43.52+0.02 43.38+0.04
232 43.46+0.02 43.34+0.04
254  43.39+0.03 43.27+0.05
31.8 4328 +0.02 43.17+0.05
344  43.19+0.02 43.07 +0.05
56.5 42.83+0.03 42.60+0.05
68.5 42.67+0.04 42.41+0.04
252.6 <41.86 <41.44
275.7 < 41.88 < 41.47
293.1 <41.85 < 41.45
321.7 < 42.04 < 41.65

Article number, page 21 of 20page.20



