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ABSTRACT

We present optical photometric and spectroscopic observations of the 1987A-like
supernova (SN) 2009mw. Our BV RI and ¢'r’i'z’ photometry covers 167 days of evolu-
tion, including the rise to the light curve maximum, and ends just after the beginning
of the linear tail phase. We compare the observational properties of SN 2009mw with
those of other SNe belonging to the same subgroup, and find that it shows similarities
to several objects. The physical parameters of the progenitor and the SN are estimated
via hydrodynamical modelling, yielding an explosion energy of 1 foe, a pre-SN mass
of 19Mg, a progenitor radius as 30 Rg and a ®°Ni mass as 0.062 M. These values
indicate that the progenitor of SN 2009mw was a blue supergiant star, similar to the
progenitor of SN 1987A. We examine the host environment of SN 2009mw and find
that it emerged from a population with slightly sub-solar metallicty.

Key words: supernovae: general — supernovae: individual: SN 2009mw — supernovae:
individual: SN 1987A

1 INTRODUCTION 1987A-like SNe are intrinsically rare, Pastorello et al.
(2012) estimated that they represent about 1 —3 per cent of
all core-collapse SNe in a volume-limited sample. In fact,
after SN 1987A we had to wait 11 years for the discov-
ery of the next event, SN 1998A (Pastorello et al. 2005).
Since then there have been a few more objects studied.
Kleiser et al. (2011) published observations of SNe 2000cb
and 2005ci, though they note that SN 2000cb does not match
the characteristics of either SNe II-P or SN 1987A, its B
band light curve is more similar to that of SNe II-P, while
in the redder bands it shows the slow rising light curve of
1987A-like SNe, therefore its classification as 1987A-like ob-
ject is questionable. Taddia et al. (2012) presented data of
SNe 2006V and 2006au, while Pastorello et al. (2012) pub-
lished SN 2009E, all of which are well-observed examples of
this subgroup. Pastorello et al. (2012) compiled the known

The explosion of supernova (SN) 1987A in the Large Magel-
lanic Cloud was a unique event that has immeasurably im-
proved our understanding of the evolution of massive stars.
It is the most studied SN, with a vast amount of litera-
ture published. It was also a high-impact event in the sense
that very few similar SNe have been observed so far. These
objects are core-collapse events with spectra akin to those
of the very common SNe II-P. However, while both mod-
els and observations found that SNe II-P emerge from red
supergiant (RSG) stars, the progenitor of SN 1987A was a
blue supergiant (BSG, see Arnett et al. 1989, and references
therein).
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sample of 1987A-like SNe to date, 11 objects in total, includ-
ing SN 1987A, but also SN 2000cb. Arcavi (2012) showed the
light curves of SNe 2004ek, 2004em and 2005dp that might
also belong to this subgroup. Taddia et al. (2016) anal-
ysed the data of SNe 2004¢ek, 2004em, 2005ci and 2005dp,
and added to the sample PTF09gpn, and PTF12kso. The
light curve of SN 2004ek resembles to that of SN 2000cb.
Kelly et al. (2015) classified SN Refsdal as a luminous
1987A-like SN. In summary, the entire available sample of
1987A-like SNe consists of maximum 17 objects, only a
handful of them having well-sampled, multiband light curves
and spectroscopic observations.

In this paper we report on the observations of
SN 2009mw, a member of the group of 1987A-like objects.
SN 2009mw was discovered on December 23.30 UT 2009 in
ESO 499-G005 by the Chilean Supernova Search (CHASE,
Pignata et al. 2009) project, and was classified as a Type I1-
P SN on December 25.2 UT (Maza et al. 2009). The classifi-
cation spectrum suggested a normal SN II-P about a month
after the explosion, however, the subsequent photometric
follow-up revealed a light curve similar to that of SN 1987A.

This paper is organized as follows. In Sect. 2 we present
the photometric data and light curve analysis. In Sect. 3
we show the spectroscopic follow-up data and compare it to
those of other 1987A-like SNe. We estimate the physical pa-
rameters of the progenitor and the explosion of SN 2009mw
via hydrodynamical modelling in Sect. 4, and analyse the
host environment in Sect. 5. Finally, the results are summa-
rized and discussed in Sect. 6.

2 PHOTOMETRY

Optical photometric observations of SN 2009mw were ob-
tained with the PROMPT Telescopes in BV RI, g'r'i'2’,
and open filters. The data reduction was carried out using
standard IRAF' tasks. After the basic reduction steps (bias-
substraction, overscan-correction, flat-fielding), the photo-
metric measurments of the SN were performed with the
point-spread function (PSF) fitting technique. We calibrated
the photometry by observing standard fields (Landolt 1992;
Landolt & Uomoto 2007; Smith et al. 2002) on photometric
nights. With the help of these images, magnitudes for a local
sequence of stars (Fig. 1, Table 1) in the SN field were deter-
mined and used to calibrate the SN measurements (Fig. 2,
Table 2). Some of our observations were taken without filter.
Since the effective wavelength without filter shaped by the
CCD QE is close to the effective wavelength of the R band,
we decided to calibrate the unfitered instrumental magni-
tudes to the latter band. To compute the transformation we
used a colour term estimated by observing Landolt standard
stars without filter i.e. with the same setup used for the SN
observations.

Our observations lasted for about 167 d after discov-
ery, covering the evolution around the maximum and end-
ing right after the tail phase started. Fitting a low order
polynomial around the maximum, we determined that the

L IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under the cooperative agreement
with the National Science Foundation.
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Figure 1. The field of SN 2009mw taken with the PROMPT5
telescope in the R band. The local sequence of stars used for the
photometric calibration are marked with numbers. Their magni-
tudes can be found in Table 1.

B-band maximum occured 71 d after the discovery epoch,
i.e. on MJD = 55258.8 + 0.4, with an apparent magnitude
of mp = 18.99 4+ 0.02 mag.

In Fig. 3 we compare the BV Rr’Ii’ light curve shapes
of several 1987A-like SNe with those of SN 2009mw. Some
relevant parameters of the SNe that we use for comparison
throughout the paper can be found in Table 3. In Fig. 3
the light curves of the comparison SNe are shifted vertically
to match the peak magnitudes of SN 2009mw. This figure
shows that the light curve shapes of the different objects are
quite similar, only those of SN 2000cb differ significantly,
showing flatter curves in V RI bands and missing the broad,
late maximum of the B band curve entirely.

Since we do not have non-detections to constrain the
explosion epoch of SN 2009mw, we have to rely on compar-
isons with other similar objects. In the small sample of this
subgroup, the only SN with well-known explosion epoch is
SN 1987A. The B maximum of this object occurred 82.2+1.1
days after the explosion. Another SN with some constrains
on the explosion epoch is SN 2009E (Pastorello et al. 2012),
that exploded 86.5 4+ 6.8 days before the B maximum. This
value is quite similar to that of SN 1987A, but with higher
uncertainties. We determined the explosion epoch of SN
2009mw by adopting the weighted mean of the two values,
84.3£3.5 d, leading to the explosion epoch M JD = 55174.3
(2009 Dec 9.4 UT), 14 d before discovery.

2.1 Reddening and colour curves

The galactic reddening in the direction of SN 2009mw is
E(B — V)uw = 0.054 £ 0.001 mag (Schlafly & Finkbeiner
2011). In the spectra (Section 3) there are no visible Na1 D
absorption lines, the usual tracers of host galaxy extinction.
Therefore we assume the host galaxy extinction component
to be negligible, and adopt the galactic component as the
total reddening towards the SN.

In Fig. 4 we show the (B —V)o, (V —R)o and (V —1)o
colours corrected with E(B — V) = 0.054 mag. Since the
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Table 1. BV RI and ¢'r’'i'2’ magnitudes of the local sequence of stars, used for photometric calibration.

D Ra Dec B \% I g’ r! il 2’

1 09:47:07.942  -24:48:00.74  16.511 (0.025)  15.546 (0.035)  15.044 (0.043)  14.508 (0.047)  16.003 (0.013)  15.273 (0.029)  14.979 (0.017)  14.815 (0.004)
2 09:47:09.775  -24:49:06.95  15.480 (0.019)  15.025 (0.026)  14.745 (0.043)  14.456 (0.043)  15.246 (0.029)  14.936 (0.035)  14.847 (0.014)  14.819 (0.009)
3 09:47:13.471  -24:49:06.13  13.053 (0.032)  11.575 (0.021) 12.256 (0.020)  11.081 (0.032)  10.571 (0.089)  10.177 (0.012)
4 09:47:16.186  -24:47:14.58  16.741 (0.035)  16.176 (0.027)  15.805 (0.053)  15.438 (0.026)  16.418 (0.024)  16.029 (0.030)  15.863 (0.026)  15.778 (0.017)
5 09:47:19.600  -24:47:09.37  17.502 (0.050)  16.793 (0.016)  16.391 (0.046)  15.978 (0.039)  17.122 (0.033)  16.601 (0.043)  16.373 (0.049)  16.327 (0.024)
6 09:47:22.843  -24:48:04.46  14.843 (0.018)  14.402 (0.030)  14.129 (0.050)  13.831 (0.031)  14.610 (0.022)  14.316 (0.042)  14.217 (0.018)  14.196 (0.013)
7 09:47:27.022  -24:47:34.86  16.733 (0.034)  15.989 (0.022)  15.585 (0.068)  15.190 (0.032)  16.321 (0.026)  15.802 (0.036)  15.606 (0.018)  15.518 (0.011)
3 09:47:28.092  -24:47:56.56  12.471 (0.018)  11.714 (0.032)  11.282 (0.046)  10.836 (0.028)  12.056 (0.024)  11.503 (0.034)  11.268 (0.020)  11.157 (0.011)
9 09:47:26.815  -24:48:16.03  15.809 (0.023)  15.203 (0.031)  14.872 (0.046)  14.490 (0.047)  15.486 (0.021)  15.066 (0.034)  14.905 (0.022)  14.832 (0.007)
10 09:47:27.083  -24:49:45.66  17.515 (0.033)  16.317 (0.051)  15.613 (0.063)  14.972 (0.041)  16.906 (0.015)  15.883 (0.038)  15.462 (0.028)  15.223 (0.004)
11 09:47:17.905  -24:49:41.74  15.496 (0.017)  14.754 (0.032)  14.337 (0.043)  13.949 (0.035)  15.124 (0.021)  14.550 (0.034)  14.375 (0.013)  14.289 (0.008)
12 09:47:25.767  -24:51:51.35  15.251 (0.014)  14.143 (0.034)  13.483 (0.052)  12.909 (0.039)  14.695 (0.013)  13.746 (0.031)  13.382 (0.019)  13.194 (0.019)
13 09:47:27.512 -24:52:16.16 16.123 (0.029) 15.521 (0.025) 15.208 (0.056) 14.843 (0.047) 15.802 (0.012) 15.400 (0.027) 15.260 (0.021) 15.210 (0.020)
14 09:47:28.495  -24:52:46.94  15.623 (0.020)  14.947 (0.030)  14.603 (0.045)  14.229 (0.043)  15.260 (0.011)  14.804 (0.031)  14.645 (0.019)  14.578 (0.006)
15 09:47:18.305  -24:51:48.53  17.077 (0.039)  16.337 (0.023)  15.949 (0.048)  15.536 (0.051)  16.672 (0.015)  16.176 (0.043)  15.987 (0.022)  15.871 (0.041)
16 09:47:26.020  -24:54:22.44  16.790 (0.034)  15.719 (0.027)  15.127 (0.067)  14.541 (0.038)  16.248 (0.006)  15.383 (0.046)  15.024 (0.042)  14.809 (0.010)
17 09:47:15.264  -24:53:26.23  17.343 (0.036)  16.978 (0.061)  16.798 (0.046)  16.507 (0.039)  17.123 (0.012)  16.957 (0.037)  16.895 (0.021)  16.922 (0.058)
18 09:47:14.135  -24:52:24.69  17.767 (0.050)  17.128 (0.038)  16.767 (0.045)  16.411 (0.059)  17.453 (0.045)  16.991 (0.029)  16.834 (0.018)  16.736 (0.014)
19 09:47:10.597  -24:53:53.18  17.627 (0.059)  16.872 (0.028)  16.473 (0.059)  16.056 (0.064)  17.217 (0.025)  16.688 (0.029)  16.478 (0.011)  16.399 (0.021)
20 09:47:05.893  -24:52:56.25  18.063 (0.120)  17.122 (0.039)  16.651 (0.039)  16.167 (0.050)  17.563 (0.039)  16.873 (0.012)  16.632 (0.026)  16.476 (0.042)
21 09:47:02.678  -24:53:23.33  16.929 (0.009)  16.035 (0.021)  15.495 (0.063)  14.967 (0.033)  16.461 (0.011)  15.737 (0.034)  15.424 (0.020)  15.251 (0.021)
22 09:47:12.206  -24:50:50.50  17.757 (0.037)  17.016 (0.076)  16.647 (0.020)  16.213 (0.033)  17.382 (0.025)  16.851 (0.020)  16.682 (0.024)  16.553 (0.051)
23 09:47:08.336  -24:50:37.78  17.774 (0.058)  16.992 (0.062)  16.580 (0.082)  16.149 (0.035)  17.356 (0.014)  16.804 (0.024)  16.592 (0.035)  16.472 (0.033)
24 09:47:10.292  -24:50:04.39  17.922 (0.084)  17.261 (0.035)  16.893 (0.046)  16.489 (0.043)  17.596 (0.055)  17.099 (0.041)  16.896 (0.025)  16.794 (0.056)
25 09:47:05.428  -24:49:13.87  15.820 (0.020)  15.253 (0.032)  14.927 (0.046)  14.588 (0.046)  15.525 (0.028)  15.119 (0.033)  15.003 (0.016)  14.954 (0.020)
26 09:46:58.392  -24:50:29.08  15.694 (0.026)  15.088 (0.029)  14.751 (0.048)  14.394 (0.040)  15.370 (0.037)  14.944 (0.035)  14.800 (0.019)  14.741 (0.009)
27 09:47:00.077  -24:50:17.13  16.764 (0.028)  15.718 (0.030)  15.072 (0.046)  14.507 (0.039)  16.228 (0.031)  15.318 (0.038)  14.979 (0.017)  14.797 (0.023)
Table 2. BV RI and ¢'r’i'2’ magnitudes of SN 2009mw, obtained with the PROMPT telescopes.

Date MJID B \% R T g’ ' il Py

2009/12/23%  55188.3 19.124 (0.079)

2009/12/24%  55189.1 19.055 (0.102)

2009/12/27%  55192.2 18.893 (0.065)

2010/01/10%  55206.3 18.457 (0.057)

2010/01/11%  55207.8 18.380 (0.052)

2010/01/15%  55211.2 18.226 (0.044)

2010/01/16 55212.2  19.789 (0.095)  18.605 (0.037)  18.250 (0.030)  17.988 (0.043)  19.121 (0.070)

2010/01/18 55214.4  19.625 (0.072)

2010/01/19 55215.2 19.042 (0.058)

2010/01/23 55219.3  19.604 (0.061) 18.950 (0.059)

2010/01/24 55220.2  19.681 (0.062) 18.921 (0.050)  18.159 (0.026)  18.097 (0.026)  17.999 (0.0369
2010/01/29 55225.2 18.321 (0.034)  17.960 (0.028)  17.571 (0.027)

2010/02/02 55229.2  19.372 (0.084)

2010/02/06 55233.1 18.260 (0.058)

2010/02/07 55234.2  19.218 (0.048)

2010/02/08%  55235.2 17.750 (0.042)

2010/02/09 55236.1 17.935 (0.023)  17.826 (0.027)  17.581 (0.038)
2010/02/11 55238.1 18.028 (0.029)  17.718 (0.024)

2010/02/17 55244.1 17.996 (0.032)  17.641 (0.026)  17.315 (0.021)

2010/02/20 55247.1  19.081 (0.056)

2010/02/24 55251.1  19.064 (0.030) 18.373 (0.021)

2010/02/27 55254.2 17.662 (0.027)  17.553 (0.030)  17.407 (0.042)
2010/03/05 55260.2 17.854 (0.019)  17.416 (0.019)  17.093 (0.022) 17.630 (0.026)  17.541 (0.029)  17.447 (0.037)
2010/03/08 55263.1  19.033 (0.044) 18.382 (0.033)

2010/03/09 55264.1 17.861 (0.028)  17.453 (0.024)  17.114 (0.020)

2010/03/15 55270.2 17.900 (0.025)

2010/03/16%  55271.0 17.455 (0.039)

2010/03/16 55271.1 17.456 (0.021)  17.127 (0.023)

2010/03/19 55274.1  19.243 (0.046)  17.94. (0.029)  17.441 (0.027)  17.173 (0.022)  18.537 (0.039)  17.624 (0.026)

2010/03/21 55276.1  19.223 (0.065) 18.555 (0.038)

2010/03/22 55277.1 18.025 (0.040)  17.493 (0.023)  17.216 (0.039)

2010/03/23%  55278.1 17.506 (0.051)

2010/03/24 55279.0  19.425 (0.049) 18.645 (0.036)  17.770 (0.039)  17.668 (0.051)  17.519 (0.055)
2010/03/25 55280.1 18.081 (0.027)  17.548 (0.022)  17.291 (0.020)

2010/03/28%  55283.1 17.638 (0.044) 17.839 (0.025)  17.743 (0.045)  17.541 (0.059)
2010/04/04 55290.1  20.201 (0.035) 17.915 (0.115)  17.522 (0.140)  19.234 (0.033)  18.105 (0.032)  18.056 (0.037)  17.799 (0.044)
2010/04/06 55292.0 18.838 (0.066)

2010/04/06%  55292.0 18.011 (0.052)

2010/04/09 55205.0  20.721 (0.129) 19.410 (0.068)  18.191 (0.053)  18.299 (0.076)  18.028 (0.069)
2010/04/19 55305.1  21.015 (0.120)  19.204 (0.049)  18.387 (0.032)  18.001 (0.033)  19.906 (0.078)  18.600 (0.044)  18.532 (0.066)  18.308 (0.072)
2010/04/21 55307.0 19.112 (0.086) 18.045 (0.052)

2010/04/27 55313.0 19.330 (0.053)  18.562 (0.035)  18.158 (0.039)

2010/04/28 55314.0 20.070 (0.116)  18.721 (0.071)  18.635 (0.099)  18.472 (0.108)
2010/05/05 55321.0 20.128 (0.101)  18.776 (0.062)  18.769 (0.055)

2010/05/22 55338.0 20.400 (0.116)

2010/06/04 55351.0 19.754 (0.059)

2010/06/08 55355.0 18.876 (0.042) 20.643 (0.131)

2 Open filter.

epochs of the B band photometry differ from the others, we
interpolated the V' band light curve to the epochs of the B
band observations in order to calculate the (B — V) colour
curve. In Fig. 4 we also compare the colours to those of other
1987A-like objects. The reddening values of these SNe can
be found in Table 3. In the case of SNe 2006V and 2006au
ri band magnitudes are available instead of RI band obser-
vations (Taddia et al. 2012). We included these objects in
the colour comparison by transforming the ri magnitudes
to the Johnson system using the formulae of Jordi et al.
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(2006). Since these equations were calibrated for stars, first
we tested them by converting r’i’ magnitudes of SN 2009mw
to RI magnitudes and comparing the result with measured
values. We found that they agree within lo. Encouraged
by this, we converted the i magnitudes of SNe 2006V and
2006au to the RI bands and used these values for the colour
comparison.

Fig. 4 shows the colour comparison between SN 2009mw
and the other SNe in our sample. SN 1987A has redder
colours during its pre-maximum evolution than most of the
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Table 3. The explosion epoch, the epoch of the B maximum, the maximum absolute magnitude in B band, the reddening and the
distance of the SNe used for comparison throughout the paper.

SN tewp tmaz.B Mmaz.B E(B-V) D Ref.
(MJD) (MJD) (mag) (mag) (Mpc)
1987A  46849.3 (0.0) 46931.5 -14.75 (0.01) 0.19 0.05 (0.005) 1,2
1998A  50801.0 (4.0) 50890.0 -15.22 (0.20) 0.12 29.2 (2.0) 3
2000cb  51655.5 (4.1) 0.11 32.2 (8.0) 4
2006V 53747.5 (4.0) 53823.2 -16.19 (0.15) 0.03 74.5 (5.0) 5
2006au  53793.5 (9.0)  53865.0 -16.02 (0.14) 0.31 47.4 (3.2) 5
2009E  54832.0 (3.0) 54918.5 -14.53 (0.17) 0.04 29.9 (2.2) 6

References: (1) Menzies et al. (1987), (2) Catchpole et al. (1987), (3) Pastorello et al. (2005), (4) Kleiser et al. (2011), (5) Taddia et al.

(2012), (6) Pastorello et al. (2012).

Note, that we use the value Hy = 72kms~! Mpc~! throughout the paper.
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Figure 2. The BV RI and g¢'r’i’z light curves of SN 2009mw

sample, but the difference seems to disappear at later times.
The B—V colour of SN 2000cb keeps reddening steadily dur-
ing the first ~ 80 days of evolution. There is some scatter
among the rest of the SNe in the (B—V)¢ colour, while in the
other two colours these objects are similar. The (V —R)q and
(V —I)o colours of all the SNe, except those of SN 2000cb,
are almost constant until about 110 — 120 days after ex-
plosion (~ 30 days after maximum) then suddenly the SNe
become redder. This change probably marks the end of the
recombination (plateau) phase. At phases later than 120 d
after explosion the V' — I colour of SN 2009E is redder than
that of the other SNe, though not all have such late time
observations available.

2.2 Distance and bolometric light curve

There are several distance measurments in the literature
for the host galaxy of SN 2009mw, ESO 499-G005, all us-
ing the Tully-Fisher (TF) method. Willick et al. (1997) ob-
tained the Malmquist-corrected TF distance of 44.69 + 8.5
Mpc. Theureau et al. (2007) used the TF method in JHK
band and obtained the average distance of 57.93+10.6 Mpc.
Springob et al. (2009) found the Malquist-corrected TF dis-
tance as 44.29 + 8.13 Mpc. The redshift distance is 57 £+
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Days since B maximum
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Figure 3. Comparison of the shapes of the BV Rr’ I light curves
of a selected sample of 1987A-like SNe to those of SN 2009mw.
The light curves of the comparison SNe were shifted vertically to
match the magnitudes of SN 2009mw at maximum and horizon-
tally to match the epoch of the maximum. Since the B band light
curve of SN 2000cb does not show the broad delayed maximum
like the others, it was shifted (somewhat arbitrarily) by 76 days
relative to the the explosion date for the sake of the comparison.

4 Mpc?. In this paper we adopt the weighted mean of these
distances, D = 50.95 £ 4.07 Mpc (u = 33.54 £ 0.17 mag).

The B band peak absolute magnitude of SN 2009mw
using the obtained distance is M B maez = —14.77£0.17 mag.
This value is among the lowest among our sample of 1987A-
like SNe (Table 3), it is similar to that of SN 1987A and
only slightly higher than that of SN 2009E.

In Fig.5 we compare the BV RI quasi-bolometric lumi-
nosities of 1987A-like SNe to that of SN 2009mw. We used
the same method for all of the SNe to calculate these lumi-

2 NED; http://ned.ipac.caltech.edu/
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Figure 5. BV RI quasi-bolometric light curve of SN 2009mw and
comparison to other 1987A-like SNe.

nosities, by converting the BV RI magnitudes to fluxes and
integrating them using Simpson’s rule. The distances of the
SNe used for comparison can be found in Table 3. The lu-
minosity of SN 2009mw is similar to that of SN 2009E and
somewhat lower than that of SN 1987A.
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3 SPECTROSCOPY

Four optical spectra were taken of SN 2009mw with the 8.1-
m Gemini South Telescope (+GMOS), the 4.1-m Southern
Astrophysical Research Telescope (SOAR+Goodman) and
the 2.5-meter Irénée du Pont telescope (+WFCCD) (see
Table 4). The reduction, extraction and calibration of the
spectra were carried out using standard IRAF tasks. In the
case of the Gemini-S data, we used the tasks in the GEMINI
package in IRAF. Note, that the wavelength calibration of
the first spectrum is somewhat uncertain, since we had to
use the night sky lines for calibration. The reduced spectra
are shown in Fig. 6.

The spectra show features that are typically present in
SNe II-P during the recombination phase, such as the H1
Balmer series, Na1i, Call, Baii, Fer, Scii, Tiut (Fig 7).
During the observed period the same features stay present,
while the Nal and HT lines strengthen significantly.

In Fig 7 we compare the spectra of SN 2009mw to those
of other 1987A-like SNe at similar phases. The spectra of
SN 2009mw are the most similar to those of SNe 1998A and
2006au, mainly because of their more prevalent HS absorp-
tion features and very weak Ball lines. The Ball features
are quite strong in the spectra of SNe 1987A and 2009E.
Strong Ba11 features often appear in the spectra of sublumi-
nous SNe II-P and their appearance are usually explained
invoking temperature effects (see e.g. Turatto et al. 1998;
Pastorello et al. 2012; Takdts et al. 2014).

In order to quantitatively compare the strength of some
of the features in different SNe, we measured the pseudo
equivalent widths (pEWSs) of the absorption components of
the Ha, HB, Fe1r A5169 and Bail \6142 features. In Fig-
ure 8 we compare these values. The pEWs of Ha show large
scatter among the different supernovae, while the pEWs of
Hp seems to split into two groups at phase 40 days after
explosion, SNe 2009mw, 1998A, 2000cb and 2006au hav-
ing pEWs greater than 30 A, while the pEW values of SNe
1987A, 2006V and 2009E are significantly smaller, less than
10 A at this epoch. We can detect similar duality in the
pEWSs of Ball, in this case SNe 1987A and 2009E have
greater values than the rest. The pEWSs of the HT lines of
SN 1987A show an interesting behavior, the pEWs of both
Ha and Hf increase rapidly after explosion, reaching the
peak at 19 d and 8 d after explosion, respectively, then de-
crease rapidly. Lyubimkov (1991) have analysed this behav-
ior and concluded that it is due to the temperature evolution
and the difference in density between the layers that produce
Ha and HB. In our sample SNe 2000cb and 2006au seem to
show similar behavior, though they’re less well-sampled.

The first spectrum of SN 2009mw is early enough to
indicate that it does not behave the same way, or, possibly,
the maximum of the pEW of the Balmer lines are earlier
than in the case of SN 1987A. We measured the tempera-
tures of the SNe in our sample by fitting blackbody curves to
their spectra (Fig. 9). The temperature of SN 1987A shows
rapid decrease until about 20 d after explosion. The early
time temperatures of SN 2000cb are lower and the decrease
is less steep, while in the case of the rest of the SNe we do
not have sufficient observations to compare their behavior at
this phase. After 20 d after explosion, all the SNe in out sam-
ple have significantly higher temperatures than SN 1987A,
which is also reflected by the colour curves (Fig. 4).
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Table 4. Summary of the spectroscopic observations.

Date MJD Phase® Instrument set-up
(days)  (days)
25/12/2009  55190.3 —69 Gemini-S+GMOS + R150
17/01/2010  55213.8 —45 Gemini-S+GMOS + R400
12/03/2010  55267.1 +8 SOAR+GOODMAN + 300

20/03/2010  55275.2 +16

du Pont+WFCCD + blue grism

@ relative to the epoch of the B maximum, i.e. M JD = 55258.8

log Flux + constant

3000 4000 5000 6000 7000 8000 9000 10000
Rest Wavelength (Angstrom)

Figure 6. The spectral sequence of SN 2009mw. The positions
of strong telluric features are marked with the symbol 6.

The pEWs of the Feil lines show some scatter at
early phases but are quite similar for all the SNe except
2009E at around phase 70 d after explosion. Anderson et al.
(2015) found a correlation between the pEW of the Fe1r fea-
tures and the oxygen abundance of the host environment of
SNe II. Assuming, that this correlation exists for 1987A-like
SNe, similar pEWSs of Fe1l lines would indicate that the ob-
jects in our sample emerged from similar environments (see
also Sect.5). Figure 8 also indicates, that SN 2009E is quite
peculiar since the pEWs of almost all the of its lines are low,
except that of the Ball feature, which is significantly higher
than most of the other SNe.

We measured the Doppler-velocity of several lines in the
spectra of SN 2009mw as well as in those of the other 1987A-
like SNe. Fig. 10 compares the velocities measured from Ha,
Hp and Fei1r A5169. These velocities show little differences,
though during the first 10 days of evolution we only have
data of SNe 1987A and 2000cb, and this is the period when
the velocity changes more rapidly. At later phases the ve-
locity curves are quite flat. SN 2009E had somewhat lower
velocities than the others in this sample, while SN 2009mw
had values similar to those of SNe 1998A and 2006au.

4 PHYSICAL PARAMETERS

Comparing the observed parameters of a SN to those de-
rived from semi-analytical and hydrodynamical modeling is
a frequently used technique to estimate the physical proper-
ties of the progenitor and the explosion. Here we use a one
dimensional Lagrangian LTE radiation hydrodynamic code
(Bersten et al. 2011) for this purpose. We adopted double
polytropic models as initial condition for our simulations.

These parametric models preserve the typical density struc-
ture of blue supergiant (BSG) stars, which are commonly
assumed to be the progenitors of 1987A-like SNe. While
pre-SN models calculated from stellar evolution have a more
clear physical grounding, especially if we are to connect the
pre-SN mass with the mass of the star on the main sequence,
we do not have access to a set of such models for BSGs. We
note that in double polytropic models the pre-SN mass and
radius are assumed to be independent parameters to be de-
termined based on the comparison with the observations.
The explosion itself was simulated by injecting a certain
amount of energy near the center of the progenitor object.
We simultanously model the velocity curve, using the veloc-
ities determined from the Doppler-shift of the Feir A5169
line, and the bolometric luminosity curve due to the degen-
eracy between the progenitor mass and expansion velocities.

Since we do not have UV or NIR data to directly cal-
culate the bolometric luminosity, we followed the example
of Pastorello et al. (2012), by assuming that the bolometric
correction is identical for SNe 1987A and 2009mw. We calcu-
lated Lpv Rrr,874 using the same method as for SN 2009mw
(Sec.2.2), while the bolometric luminosity curve was adopted
from the literature (Catchpole et al. 1987, 1988). The de-
termined bolometric correction for SN 1987A allowed us to
calculate the Lpor,09mw curve, which is shown in Figure 11.

In the same figure we also present the best-fitting
model, which corresponds to a progenitor radius of 30 Rg,
an explosion energy of 1 foe, a °Ni mass of 0.062 Mg, and
a pre-SN mass of 19 My, assuming that a compact rem-
nant of 1.5Mg was formed during the explosion (model
M19R30E1N1062). In order to find this model, several cal-
culations with different masses, radii, energies, and radioac-
tive material have been performed. Fortunately, each pa-
rameter affects the resulted light curve in a particular way.
Even if there is degeneracy between the explosion energy
and the pre-SN mass, this can be removed by consider-
ing the expansion velocities. This is demonstrated in Fig-
ure 11, where the sensitivity of the model to the explo-
sion energy and the pre-SN mass (upper and lower pan-
els, respectively) is shown. In this figure models with differ-
ent explosion energies (E = 0.5,1, and 1.5 foe) and masses
(M = 15,19, and 22 M) are presented. We kept the other
parameters identical to those of model M19R30E1N1062.
As shown, changing the pre-SN mass has only a small ef-
fect on the resulting velocity, it is the explosion energy that
mainly regulates the photospheric velocity evolution. After
setting the energy from this comparison, we varied the rest
of the parameters until we found the best model that de-
scribes the observed evolution. We also found that changing
the progenitor radius mainly affects the early phase of the
light curve, while the **Ni mass determines the tail lumi-
nosity.

The parameters of some of the 1987A-like SNe have
been determined with similar techniques, Table 5 summa-
rizes these results. It shows that the progenitors of these
objects are all compact stars, with a progenitor radius less
than 100 Re. The ejecta mass is close to 20 Mg in all cases
(though one of the models for SN 1987A found smaller val-
ues). The variation of the explosion energy is the range of a
few foe, and the nickel mass changes in the range between
0.04 — 0.13 M.

MNRAS 000, 1-27 ()
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Figure 7. Comparison of the spectra of SN 2009mw with those

of other 1987A-like SNe, namely SNe 1987A (Pun et al. 1995), 1998a

(Pastorello et al. 2005), 2000cb (Kleiser et al. 2011), 2006V, 2006au (Taddia et al. 2012) and 2009E (Pastorello et al. 2012).

5 HOST ENVIRONMENT

Taddia et al. (2013) studied the environments of 1987A-like
SNe, and found that these objects are located either on the
outer parts of bright, metal-rich galaxies or in faint, metal-
poor hosts, and that on average these SNe emerge from pop-
ulations with slightly lower metallicity than that of the hosts
of normal SNe II-P.

The host galaxy of SN 2009mw, ESO 499-G005 is a
type SAB(s)c galaxy, with the absolute brightness of Mp =
—19.7 mag. The SN is located in the outskirts of the galaxy
(see Fig. 1), the ratio between its deprojected position and
r25 is dsn/r2s = 1.4. We were able to extract a spectrum of
an H1I region close to the position of the SN from the spec-
trum taken with the du Pont telescope (Sec. 3). Using the
relations of Marino et al. (2013) we determined the oxigen
abundance (12 + log(O/H)) as N2 = 8.39 £ 0.05 dex (note
that the systematic error of the diagnostic is 0.16 dex). As

MNRAS 000, 1-?7 ()

part of a project to determine the metallicity of parent pop-
ulations of SNe, there were VLT+FORS2 spectrum taken
of this galaxy, aiming for another SN it hosted, SN 2008H
(Anderson et al., in prep.). SN 2008H was located in the
center of the galaxy, that is the position where the slit was
placed. We were able to extract spectra at several positions
along the slit and used the relations of Marino et al. (2013)
to determine the oxygen abundance. The derived metallic-
ity is solar-like close to the center of the galaxy and de-
creases along the deprojected distance from it. None of our
measurements extend as far as the deprojected distance of
SN 2009mw, but by extrapolating the gradient we can esti-
mate the oxygen abundance at the distance of SN 2009mw
as N2 = 8.32 £ 0.08 dex, a somewhat sub-solar value (see
Fig. 12).
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Figure 9. The evolution of the temperature of SN 2009mw in
comparison with other 1987A-like SNe. The temperatures were
measured by fitting blackbody curves to the spectra, except for
SN 2000cb the spectra of which are not flux calibrated, therefore
the photometric SED was fitted with a blackbody curve.

6 DISCUSSION

In this paper we present optical photometry and spec-
troscopy of SN 2009mw. This SN belongs to the small sub-
group of 1987A-like SNe, which are Type II SNe character-

ized by a light curve which keeps rising for about 3 months
after explosion. The current sample of 1987A-like SNe is very
small, which originates from the fact that they are intrin-
sically rare. To date, data of less than 16 objects has been
published, and only a few of them have multiband photo-
metric and spectroscopic data available.

We obtained photometric follow-up of SN 2009mw us-
ing BVRI and ¢'r'i’z’ bands. Comparing the shape of the
light curves to those of SNe 1987A, 1998A, 2006V, 2006au
and 2009E we found that they are remarkably similar, while
SN 2000cb has a light curve that is quite different, the slow
brightening and late maximum in B band is missing. The
colour of SN 2009mw is bluer than that of SNe 1987A and
2000cb, and slightly redder than that of SNe 2006V and
2006au, more alike to that of SNe 2009E and 1998A. The ab-
solute brightness of SN 2009mw is close to that of SNe 1987A
and 2009E and fainter than those of SNe 1998A, 2000cb,

2006V and 2006au.

The spectra of 1987A-like SNe are similar to those of
SNe II-P. The spectra of the objects in our sample evolve
similarly, showing variations mostly in the strengths of the
Bair and H § lines. In this aspect, the spectra of SN 2009mw
are more akin to those of SNe 1998A and 2006au.

We estimated the pysical properties of the progenitor
and the explosion via hydrodynamical modelling, yielding
an explosion energy of 1 foe, a pre-SN mass of 19Mg, a

MNRAS 000, 1-27 ()
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Table 5. Comparison of the physical parameters of the progenitor
and explosion of 1987A-like SNe. The table is ordered by the bright-
ness of the SNe, the faintest one being on the top.

SN E Mejecta R 56Ni Ref.
(foe)  (Me) (Re) (Mp)

2009E 0.6 19.0 100 0.040 1
2009mw 1.0 17.5 30 0.062 this paper
1987A 1.1 11.8 33 0.078 2
1987A 1.6 18.0 72 0.075 3
2000cb 4.4 22.3 35 0.083 4
1998A 5.6 22.0 < 86 0.11 3
2006au 3.2 19.3 90 < 0.073 2
2006V 2.4 17.0 75 0.127 2

References: (1) Pastorello et al. (2012), (2) Taddia et al. (2012),
(3) Pastorello et al. (2005), (4) Utrobin & Chugai (2011).

Note, that Pastorello et al. (2005) used the semianalytic code
of Zampieri et al. (2003) to obtain the parameters of SNe
1987A and 1998A, Pastorello et al. (2012) applied the radiation-
hydrodynamics code of Pumo et al. (2010) and Pumo & Zampieri
(2011), Taddia et al. (2012) used the semi-analytic model of
Imshennik & Popov (1992), while Utrobin & Chugai (2011) used
their own hydrodynamical model.
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progenitor radius of 30 Rg, and a 5°Ni mass of 0.062 Mg .
These values are similar to those obtained for SN 1987A,
indicating that the progenitor of SN 2009mw was a blue
supergiant star, as was the case for SN 1987A. The physical
parameters of several 1987A-like SNe have been estimated
via modeling, all suggesting compact progenitors.

We examined the metallicity of the host environment of
SN 2009mw, and found a somewhat sub-solar value for the
oxigen abundance, aligned with the findings of Taddia et al.
(2013), namely that 1987A-like SNe emerge from environ-
ments with slighty lower metallicty than those of SNe II-P.

Our comparison of SN 2009mw to other 1987A-like SNe
shows, that while some of their parameters show variations,
others such as their spectra, progenitors and environments
are quite similar. We need a greater sample of these ob-
jects in order to understand that, for example, why the
light curves of SNe 2000cb and 2004ek stand out so much,
while their progenitors are similar to the rest. 1987A-like
SNe seem to emerge from BSG stars located in environments
with slightly sub-solar metallicity, though the processes that
produce and explode these stars are still debated.
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