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ies have shown that Type Ibc SNe are spatially more closely
associated to H� regions than Type IIP SNe, and that within
Type Ibc SNe, Type Ic events show the closest H� association
(e.g. Anderson et al. 2012). This has been interpreted as Type
Ibc SN progenitors having shorter stellar life times than Type
IIP SNe, which is expected from single stellar evolution models.
Similar results have also been found e.g. by Crowther (2013),
Aramyan et al. (2016), and Audcent-Ross et al. (2020). Further-
more, Kangas et al. (2017) corroborated these previous results
with their statistical study combining spatial distribution of mas-
sive stars to those of di�erent CCSN classes in local galaxies.
Other statistical studies on the explosion site have also suggested
that Type Ic SNe occur in more metal rich environments and have
more massive progenitors than Type Ib SNe (Leloudas et al.
2011; Galbany et al. 2018; Kuncarayakti et al. 2018).

Anderson & Soto (2013) suggested that normal galaxies tend
to produce similar SN types if they host multiple SNe, and spec-
ulated that this is connected to the episodic nature of the starburst
event and the resulting age range distribution of possible SN pro-
genitor stars. LIRGs with their very high SN rates (SNR) o�er
laboratories to investigate statistical SN characteristics, with the
advantage that the recent and more strongly episodic star forma-
tion of the galaxy can be characterised more accurately. Only
very recently CCSN discoveries in central regions of LIRGs
made a statistically signi�cant sample (Kool et al. 2018). In the
sections that follow, we report discoveries of recent CCSNe in
LIRGs NGC 3256 and Arp 299, and discuss the starburst age in
high CCSN rate LIRGs with a connection to CCSN subtypes in
these galaxies.

2. NGC 3256

NGC 3256 is an ongoing LIRG merger at a redshift of
z = 0:009354 (Wong et al. 2006) with LIR = 1011:61L�

(Sanders et al. 2003) scaled to a Tully-Fisher (TF) luminosity
distance of Dl = 37:4 Mpc (Tully 1988). The adopted TF dis-
tance is consistent with the redshift based distance of 38:6 � 2:7
Mpc (H0 = 70 km s�1 Mpc�1, 
M = 0:3, 
� = 0:7) corrected
for the in�uence of Virgo Cluster and the Great Attractor infall
(Mould et al. 2000). The IR luminosity of NGC 3256 suggests
a rate of �1.1 CCSN yr�1 based on the empirical relation of
Mattila & Meikle (2001). There is also some evidence of an ob-
scured AGN in the system (Kotilainen et al. 1996; Emonts et al.
2014; Ohyama et al. 2015). While the expected intrinsic SN rate
of NGC 3256 is very high, only one spectroscopically con�rmed
SN has been previously reported in this nearby LIRG. This is the
Type II SN 2001db, discovered using near-IR observations and
found to have a signi�cant line-of-sight extinction of AV � 5:5
mag (Maiolino et al. 2002). The Galactic extinction towards the
LIRG is AV = 0:334 mag (Schla�y & Finkbeiner 2011).

2.1. SN 2018ec

The High-Acuity Wide �eld K-band Imager (HAWK-I;
Kissler-Patig et al. 2008) on the 8.2-m VLT UT4 consists of four
HAWAII 2RG 2048�2048 pix near-IR arrays with a total �eld of
view of 7.50� 7.50 and a pixel scale of 000:106/pix. We observed in
the Ks-band two LIRGs, i.e. NGC 3256 and IRAS 08355-4944,
in the European Southern Observatory (ESO) Science Veri�ca-
tion (SV) run of HAWK-I with the GRound Layer Adaptive op-
tics Assisted by Lasers module (GRAAL; Pau�que et al. 2010).
The Tip-Tilt Star - free mode SV observations of NGC 3256
were carried out on 2018 January 3.4 UT (FWHM � 000:4) and
2018 January 6.4 UT (FWHM � 000:3). Previously, it has not been

possible to target NGC 3256 with full AO facilities due to the
lack of a suitable natural guide star (m . 17 mag) in the �eld.

The HAWK-I/GRAAL data were reduced in a standard man-
ner for near-IR images, using iraf1 based tasks. We discov-
ered a new transient source (SN 2018ec) in NGC 3256 by us-
ing an archival ESO New Technology Telescope (NTT) Son
of ISAAC (SOFI; Moorwood et al. 1998) Ks-band image from
2003 January 23.2 UT as a reference. We reported the discovery
in Kankare et al. (2018a), and spectroscopically classi�ed it as
a reddened Type Ic (Berton et al. 2018) via the extended Pub-
lic ESO Spectroscopic Survey for Transient Objects (ePESSTO;
Smartt et al. 2015). The discovery image is shown in Fig. 1. To
our knowledge, no optical large-scale sky survey has reported a
detection of SN 2018ec, however, this might be in part due to the
less-monitored southern declination of NGC 3256.

Astrometry of the HAWK-I/GRAAL image was derived us-
ing 17 stars selected from the Two Micron All-Sky Survey
(2MASS), yielding RA = 10h27m50s:77 and Dec = �43�5400600:3
(equinox J2000.0) for the location of SN 2018ec. This is 500:2
W and 700:7 N from the Ks-band nucleus of NGC 3256, and
corresponds to a projected distance of 1.7 kpc. Typical for
LIRGs, NGC 3256 hosts a large population of super star clus-
ters (see e.g. Trancho et al. 2007), and such structures can very
likely contribute to the underlying emission seen at the loca-
tion of SN 2018ec and other CCSNe in NGC 3256 in the pre-
explosion reference images. Spectrophotometric follow-up data
of SN 2018ec were obtained with NTT as a part of ePESSTO us-
ing the ESO Faint Object Spectrograph and Camera 2 (EFOSC2;
Buzzoni et al. 1984) and SOFI. The data were reduced in a stan-
dard manner using the pessto pipeline (Smartt et al. 2015) based
on standard iraf tasks.

All images were template subtracted using the isis2.2 pack-
age (Alard & Lupton 1998; Alard 2000). We used H and Ks-
band reference images from FLAMINGOS-2 at Gemini South
observed on 2017 March 26.3 and 2017 March 12.1 UT, respec-
tively, while the J-band reference image was taken with SOFI
at NTT on 2001 April 9.1 UT. The g, r, i, z-band archival ref-
erence images were observed with Dark Energy Camera (DE-
Cam; Flaugher et al. 2015) at the 4-m Blanco Telescope on 2017
February 20.3, 2017 February 21.3, 2017 March 18.2, and 2017
February 9.3 UT, respectively. The JHKs images were calibrated
using 2MASS magnitudes of stars in the �eld of SN 2018ec. The
gri photometry was calibrated using the AAVSO (American As-
sociation of Variable Star Observers) Photometric All-Sky Sur-
vey magnitudes for stars in the large �eld of DECam images
which were then used to yield magnitudes for 15 sequence stars
close to SN 2018ec; these are shown in Fig. A.1 and the mag-
nitudes reported in Table A.1. The z-band sequence stars were
calibrated using standard star �eld observations carried out with
NTT. The point spread function (PSF) photometry of the SN was
carried out using the quba pipeline (Valenti et al. 2011). The pho-
tometry is reported in Table A.2 with the griz magnitudes in the
AB system and JHK magnitudes in the Vega system.

Ryder et al. (2018) reported radio observations of the �eld of
SN 2018ec with the Australia Telescope Compact Array (ATCA)
on 2018 January 23.8 UT. The observations yielded 3 � upper
limits at the location of SN 2018ec of <10 mJy/beam and <3.6
mJy/beam at 5.5 and 9.0 GHz, respectively. This corresponds to
< 6:0 � 1027 erg s�1 Hz�1 at 9 GHz; the limit is above the peak

1
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Fig. 1. a) 10 � 10 subsection of the HAWK-I/GRAAL Ks-band discovery image of SN 2018ec in NGC 3256, b) SOFI reference image, and c) a
subtraction between the images. The AO enhanced HAWK-I/GRAAL image with FWHM � 000:4 has a superior image quality compared to the
normal ground-based seeing SOFI image with FWHM � 000:8. The location of SN 2018ec is shown with tick marks in all the panels; the orientation
and image scale are indicated in the �rst panel.

of normal Type Ic SNe around 1026 to 1027 erg s�1 Hz�1 (e.g.
Romero-Caæizales et al. 2014, and references therein). The lim-
its are not particularly constraining, due to the high background
radio emission of the host galaxy. Further radio limits were re-
ported by Nayana & Chandra (2018) based on observations with
the Giant Metrewave Radio Telescope (GMRT) at 1.39 GHz on
2018 January 20.9 UT, yielding a 3 � upper limit of 2.1 mJy
(< 3:5 � 1027 erg s�1 Hz�1) at the SN 2018ec location.

SN 2018ec is found to be spectroscopically a normal Type
Ic SN, and in our analysis we �nd similarity to e.g. SN 2007gr
(Hunter et al. 2009), see below. The line-of-sight host galaxy ex-
tinction of SN 2018ec was estimated using a �2 �t of broad-band
light curves of SN 2018ec with those of SN 2007gr (includ-
ing an extrapolation of the optical late-time light curves of SN
2007gr based on the data beyond +70 d using linear �ts). The
�t was carried out simultaneously in all the bands with follow-
up data of SN 2018ec. The method is the same as that used e.g.
in Kankare et al. (2014a). The free parameters of the �t are the
host galaxy line-of-sight extinction AV , the discovery epoch t0
relative to a suitable reference (the estimated explosion date or
light-curve maximum), and �xed constant shift C applied to all
the bands representing the intrinsic di�erences in the brightness
of SNe (and any systematic di�erence in the distance estimates
of the two SNe). The Johnson-Cousins UBVRI light curves of
SN 2007gr (Hunter et al. 2009) were converted into the griz sys-
tem with the transformations of Jester et al. (2005). We adopted
the well-established Cardelli et al. (1989) extinction law for the
�tting. The errors of the data points in the analysed light curves
are considered to be Gaussian. If the light curves are well sam-
pled and the comparison SN is well suited for the comparison,
the probability density functions of the �tted parameters fol-
low approximately Gaussian distributions. The largest deviations
from this typically occur within the error of t0 if the light-curve
follow up was initiated post-maximum. The reported errors cor-
responds to 68.3 % con�dence intervals estimated based on the
probability density functions; systematic errors related e.g. to the
uncertainty of the host extinction of the comparison SN are not
included in the reported values. Based on the aforementioned
comparison with SN 2007gr we conclude that SN 2018ec was
discovered 19+13

�3 days after optical maximum, has a host galaxy
extinction of AV = 2:1+0:3

�0:1 mag, and is C = 0:6+0:4
�0:2 mag brighter

than SN 2007gr. The absolute magnitude light curves are shown

Fig. 2. Absolute magnitude light curves of SN 2018ec after correcting
for host extinction (AV = 2:1 mag). The light curves of the Type Ic
SN 2007gr are shown with solid lines and shifted vertically by �0:58
mag (optical light curves extrapolated with linear �ts for comparison
are indicated with dotted curves). The estimated errors for most light
curve points are smaller than the symbol size. The epoch 0 is the B-
band maximum estimated for SN 2007gr by Hunter et al. (2009).

in Fig. 2. Based on the �t we estimate that SN 2018ec peaked
at Mr � �18 mag; this is at the brighter end of the peak mag-
nitude distribution of normal Type Ic SNe but not unusual (e.g.
Taddia et al. 2018).

The spectroscopic sequence of SN 2018ec is shown in Fig. 3,
illustrating also the similarity to the normal Type Ic SN 2007gr
(Hunter et al. 2009). Following a more detailed classi�cation
scheme by Prentice & Mazzali (2017), SN 2018ec appears to
be a Ic-6/7. The most prominent SN feature is the Ca ii near-IR
triplet. The typically strong O i �7772 line in Type Ib/c SNe is
blended with the telluric A-band feature. No clear He i features
arising from the SN are evident, supporting a Type Ic classi�-
cation. Actually there are broad P Cygni pro�les close to the
rest wavelengths of He i �5876 and �10830 lines, but these fea-
tures can also be associated with Na iD and C i ��10683,10691,

Article number, page 3 of 25



A&A proofs: manuscript no. aa

respectively. These lines have an absorption minimum at �8500
km s�1 around +33 d, which declines to �7000 km s�1 within �1
month, see Fig. 4. As minor di�erences compared to SN 2007gr,
SN 2018ec does not show early C i ��11330,11753 features, or
Si ii �6355 absorption feature around +32 d. Furthermore, the
Mg i �15687 emission feature is not visible in the +62 d spec-
trum of SN 2018ec.

2.2. AT 2018cux

During the ePESSTO follow up of SN 2018ec the EFOSC2 data
led to a serendipitous discovery of another transient AT 2018cux
in NGC 3256 using images obtained on 2018 March 24.2 UT
in comparison to images from 2018 January 17.2 UT as a refer-
ence. The discovery was reported in Kankare et al. (2018b) and
the i-band discovery image is shown in Fig. 5. We yielded co-
ordinates RA = 10h27m51s:41 and Dec = �43�5401800:0 (equinox
J2000.0) for AT 2018cux from the EFOSC2 images processed
by the pessto pipeline. This corresponds to 1.7" E and 4.0" S
of the host galaxy main Ks-band nucleus. This translates to a
projected distance of 0.8 kpc. The location of AT 2018cux is rel-
atively close, but not coincident, to the southern nucleus of NGC
3256, located at RA = 10h27m51s:22 and Dec = �43�5401900:2
(equinox J2000.0) based on radio observations (Ne� et al. 2003).
However, this southern nucleus is heavily obscured at optical
and near-IR wavelengths by dust and thus the association of AT
2018cux observed in optical wavelengths to this component is
uncertain. The PSF photometry of AT 2018cux was carried out
similar to that of SN 2018ec and is listed in Table A.4. Late-
time long-slit spectroscopy of AT 2018cux was obtained on 2018
July 3.7 UT with the Southern African Large Telescope (SALT;
Buckley et al. 2006) using the Robert Stobie Spectrograph (RSS;
Burgh et al. 2003; Kobulnicky et al. 2003). The spectrum was re-
duced in a standard manner with basic iraf tasks.

We used a similar approach as previously described for SN
2018ec to estimate the host galaxy extinction for AT 2018cux.
The transient shows �at and plateau-like light curves, with
colours that are only somewhat reddened in combination with
relatively faint magnitudes, which suggest a subluminous Type
IIP SN (e.g. Spiro et al. 2014; Müller-Bravo et al. 2020). This
is also supported by our one low signal-to-noise spectrum
of the event, see the paragraph below. Therefore, SN 2005cs
(Pastorello et al. 2009) was adopted as a canonical reference ex-
ample of a normal subluminous Type IIP SN, with the optical
light curves transferred into the griz system with the Jester et al.
(2005) conversions. Based on the comparison �t, AT 2018cux
was found to be most consistent with a host galaxy extinction
of AV = 2:1 � 0:4 mag, a discovery 6+7

�3 d after the explosion,
and a 0:6+0:4

�0:3 mag fainter plateau, see Fig. 6. With the estimated
line-of-sight extinction, at around +50 d from the explosion, the
plateau magnitudes reach M � �14:5 mag in riz bands. How-
ever, the faintest subluminous Type IIP events like SNe 1999br
and 2001dc have plateau magnitudes of MV � �13:6 and �14:3
mag, respectively (Pastorello et al. 2004). Similarly, the absolute
magnitudes of AT 2018cux are generally brighter than those of
faint transients that are interpreted as SN impostors, i.e. non-
terminal outbursts of massive stars (see e.g. Smith et al. 2011).
AT 2018cux is also brighter compared to transients such as SN
2008S that have been associated both with a SN impostor or
an electron-capture SN origin (Prieto et al. 2008; Botticella et al.
2009; Smith et al. 2009).

Based on the aforementioned estimated explosion epoch of
AT 2018cux, the SALT spectrum of the site of AT 2018cux was

obtained at +108+7
�3 d. In Fig. 7 the SALT spectrum is shown cor-

rected for extinction, overlaid with an arbitrarily shifted +106 d
spectrum of SN 2005cs at the end of the plateau phase, consis-
tent with a subluminous Type IIP SN classi�cation. In particular,
quite typical features for sub-luminous Type IIP SNe are the �ux
attenuation below �5500 ¯, and the absorption feature around
6150�6300 ¯ consistent with a blend of Sc ii and Ba ii lines.

2.3. PSN J10275082-4354034

In addition to SN 2001db, SN 2018ec, and AT 2018cux in
NGC 3256, an SN candidate PSN J10275082-4354034 (here-
after, shortly referred to as PSN102750) has been reported2

in 2014 in the same LIRG at RA = 10h27m50s:82 and Dec =

�43�5400300:4, discovered by Peter Aldous at Geraldine Obser-
vatory3. Based on the coordinates the projected distance of the
transient from the Ks-band nucleus is 2.1 kpc. An un�ltered dis-
covery magnitude on 2014 May 7.45 UT of 15.6 mag was re-
ported. Unfortunately, no spectroscopic classi�cation of the tran-
sient was carried out by anyone to our knowledge.

Follow-up imaging of PSN102750 was carried out by S.
Parker. This included one epoch of luminance �lter observations
using the 50-cm T30 telescope4 with FLI-PL6303E CCD camera
at the Siding Springs Observatory, and two epochs of un�ltered
observations with a 35-cm Celestron C14 re�ector and SBIG ST-
10 CCD camera at the Parkdale Observatory. The data reduction
included basic bias and dark subtraction steps and �at �elding.
The quba pipeline was used to carry out the PSF photometry of
the SN candidate by calibrating the images directly into R-band,
reported in Table A.5.

Furthermore, we recovered PSN102750 in Hubble Space
Telescope (HST) archival images obtained with the Wide Field
Camera 3 (WFC3). NGC 3256 was observed in the F467M
(Strömgren b) and F621M �lters on 2014 June 10 and 2014
November 13, respectively5. Fig. 8 clearly shows the late-time
detection of PSN102750 in comparison to an archival image
obtained with a similar �lter. Photometry on the images with
the transient was carried out using dolphot6, an HST dedicated
photometry package. The individual charge transfer e�ciency
(CTE) corrected images were masked for bad pixels and the sky
background was �tted and subtracted, before being aligned to
produce the drizzle-combined image. PSFs were then �t to all
the identi�ed sources present in the images, yielding their mag-
nitude values. The magnitudes of the SN candidate in F467M
and F621M �lters were adopted as those of B and R, respec-
tively.

The resulting light curve of PSN102750 was template �t-
ted with the same method that was used for SN 2018ec and
AT 2018cux, however, a selection of di�erent CCSN subtypes
was used as templates to yield a tentative classi�cation and host
galaxy extinction for the transient. The comparison events in-
clude Type IIn SNe 1998S (Fassia et al. 2000; Liu et al. 2000)
and 2005ip (Stritzinger et al. 2012), a normal Type IIP SN
2004et (Sahu et al. 2006), and a normal Type Ic SN 2007gr
(Hunter et al. 2009). Furthermore, a comparison to the normal
Type Ia SN 2011fe (Munari et al. 2013) was also carried out.

2 Reported at the Central Bureau for Astronomical Telegrams Tran-
sient Objects Con�rmation Page: http://www.cbat.eps.harvard.edu/

unconf/followups/J10275082-4354034.html
3 https://geraldineobservatory.co.nz/
4 https://www.itelescope.net/t30/
5 Programme 13333, PI: Rich.
6 http://americano.dolphinsim.com/dolphot/
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Fig. 3. Spectral time series of SN 2018ec. The spectra have been redshift corrected to rest frame. The spectra have been corrected for both Galactic
AV = 0:334 mag and estimated host galaxy extinction of AV = 2:1 mag. The epochs are provided respective to the estimated light curve maximum.
The main narrow-line emission features arising from an incomplete host galaxy subtraction are marked in grey. The most prominent identi�ed
spectral features have been labelled arising either from the SN (red) or from the host galaxy (blue). The Doppler shifted position of the SN lines
are indicated with cyan vertical lines in selected epochs as suggested by the velocity of the Na I absorption minimum. The main telluric bands
have been marked with a � symbol. For comparison selected spectra of normal Type Ic SN 2007gr are overlaid (green). The continua of the optical
spectra of SN 2018ec are likely to be contaminated by the complex host background that was not successfully completely subtracted. Therefore,
the optical SN features of SN 2018ec above and below the continuum level appear also less prominent compared to those of SN 2007gr. The
spectra have been shifted vertically for clarity.

The �ts are shown in Fig. 9. PSN102750 is most consistent with
a Type IIn event that generally can show major diversity in their
late-time evolution as shown by the comparisons. Our best �t
is with SN 1998S, with PSN102750 discovered shortly before
the peak magnitude. However, a Type IIP SN cannot be fully ex-
cluded either, though the early photometry of PSN102750 shows
deviations from a �at plateau. H-poor stripped-envelope events
are excluded based on the blue colours of PSN102750 even if a
negligible host extinction is assumed; increasing the extinction
would only make the discrepancy larger. A Type Ia SN classi-
�cation can be excluded primarily based on the bright late-time
detection of PSN102750. Based on the light curve �t with SN
1998S as a template, we conclude that PSN102750 has a host
galaxy extinction of AV = 0:3+0:4

�0:3 mag, is 1:6+0:1
�0:4 mag fainter than

SN 1998S, and discovered at �9+2
�3 days relative to the light curve

peak of SN 1998S assuming the extinction law of Cardelli et al.
(1989). For comparison, the Type IIP �t using SN 2004et as a
template yields AV = 0:0+0:3

�0:0 mag, a very small brightness dif-
ference of 0:1+0:3

�0:1 mag, and t0 = 12+2
�4 days relative to the esti-

mated explosion date. SN 2004et is at the bright end of the in-
trinsic magnitude distribution of normal Type IIP SNe at plateau
(Anderson et al. 2014).

3. Arp 299

Arp 299 is a nearby LIRG at a distance of 44.8 Mpc (Huo et al.
2004). The IR luminosity of the galaxy, LIR = 1011:82L�

(Sanders et al. 2003), suggests a rate of �1.8 CCSN yr�1

based on the empirical relation of Mattila & Meikle (2001).
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Fig. 4. Prominent P Cygni features of SN 2018ec at two selected epochs.
The zero velocity is set to the rest wavelength of the shortest wavelength
component of each line blend, i.e. at 5890 ¯ for the Na iD (blue), 8498
¯ for the Ca ii near-IR triplet (orange), and 10683 ¯ for a C i blend
(red). Velocities at absorption minima shown by the features are sur-
prisingly similar with �8500 km s�1 around �1 month from the esti-
mated maximum light and �7000 km s�1 at �2 months from light curve
peak, with the latter epoch showing somewhat more scatter, which can
(partly) arise from the lower signal-to-noise of the spectra. The spectra
have been binned by a factor of 4 for clarity and the line pro�les are
normalised to match the �ux level of both their absorption minimum
and emission peak within a given epoch.

The Galactic extinction towards Arp 299 is AV = 0:046 mag
(Schla�y & Finkbeiner 2011). The recent SNe 2019lqo and
2020fkb presented here increase the total number of spectro-
scopically classi�ed CCSNe in Arp 299 to eight events, in ad-
dition to one unclassi�ed near-IR discovered SN 1992bu (see
e.g. Mattila et al. 2012).

3.1. SN 2019lqo

SN 2019lqo was discovered on 2019 July 21 07:33:36 UT (JD
= 2458685.81500) by the photometric instrument on board the
Gaia spacecraft, and reported on behalf of the science alerts team
as Gaia19dcu (Hodgkin et al. 2019).The Gaia G-band AB dis-
covery magnitude of SN 2019lqo was 18.33�0.20 mag, with
a reported non-detection of mG > 21:5 mag on 2019 July
16 05:26:52 UT (JD = 2458680.72699). The coordinates of
the transient provided by Gaia are RA = 11h28m32s:460 and
Dec = +58�3304400:82 (equinox J2000.0), pointing to compo-
nent ‘A’ as the likely host (Fig. 10) of Arp 299. This yields
a projected distance of 900:3 from the nucleus of Arp299-A
(Romero-Caæizales et al. 2011) for SN 2019lqo, corresponding
to 2.0 kpc. We classi�ed SN 2019lqo within the Nordic Opti-
cal Telescope (NOT) Unbiased Transient Survey 2 (NUTS2) on
2019 July 24.9 UT as a young Type IIb SN (Bose et al. 2019).
1800 s spectroscopic observations were obtained with the An-
dalucia Faint Object Spectrograph and Camera (ALFOSC) us-
ing the low-resolution grism #4 and 100:0 slit. Another epoch of
spectroscopy was obtained with the same setup on 2019 August
2.9 UT.

SN 2019lqo was discovered shortly before the �eld moved
into conjunction with the Sun. However, we were able to ob-
tain multi-band light curve follow up of the event around the

light curve maximum, and observed some additional data points
in the tail phase of the SN when the �eld became observable
again. All the optical ALFOSC data were reduced in a standard
manner using the quba pipeline. The NOT near-IR Camera and
spectrograph (NOTCam) imaging was reduced by making use
of the external notcam package7 for iraf. The quba pipeline PSF
photometry of SN 2019lqo was calibrated with the sequence star
magnitudes obtained from Kankare et al. (2014b). The resulting
photometry is listed in Table A.6.

The �rst Zwicky Transient Facility (ZTF; Bellm et al.
2019) detections of SN 2019lqo (with an internal name
ZTF19abgbbzy) are reported on the Transient Name Server; ad-
ditional ZTF limits and detections are also available e.g., via the
public MARS broker8. Intriguingly, the �rst reported ZTF de-
tection of mr = 18:86 mag was obtained 24.7 hrs before the
reported Gaia non-detection of >21.5 mag. While a SN light
curve can evolve extremely rapidly during a very short shock
breakout phase, the most likely case here is that a combination
of a crowded LIRG background, a faint SN, and a non-optimal
Gaia sky scanning angle made the SN non-detectable, and re-
sulted in the reported non-detection with a nominal limit. Fur-
thermore, ZTF reports an r-band non-detection of >19.5 mag
following their initial detection, and 2 days before the Gaia dis-
covery epoch. However, the magnitude limits reported by ZTF
are di�erence image estimates over the whole CCD quadrant
(Masci et al. 2019). The location of SN 2019lqo is quite crowded
with a luminous galaxy background making image subtraction
challenging and sky condition dependent. Therefore, it is not
surprising if a limit yielded globally for the �eld is overly op-
timistic for the location of SN 2019lqo if the subtraction has not
been optimal. We proceeded to download the science data prod-
uct �les (Masci et al. 2019) from the ZTF data release 3 (DR3)9

covering the follow up of SN 2019lqo and corresponding tem-
plate reference images. We carried out image subtractions using
the isis2.2 package and our resulting PSF photometry, calibrated
against the Sloan Digital Sky Survey (SDSS), for SN 2019lqo
is listed in Table A.7 for epochs for which we yielded a > 3 �

detection. This includes our measurements of mr = 19:04 � 0:09
mag for the �rst ZTF epoch and 18:77 � 0:12 mag for the epoch
following the �rst detection for which a non-detection was pre-
viously reported.

Similar to the SNe in NGC 3256, the line-of-sight extinc-
tion of SN 2019lqo was estimated with a simultaneous �2 com-
parison of UBVRIJHK light curves to those of well-sampled
Type IIb SNe 2011dh (Arcavi et al. 2011; Ergon et al. 2014,
2015) and 1993J (Pressberger et al. 1993; Ripero et al. 1993;
Richmond et al. 1994, 1996). The �tting was carried out with
the Cardelli et al. (1989) extinction law. The resulting absolute
magnitude light curves are shown in Fig. 11, including photom-
etry based on publicly available data. The early public gGr-band
detections of SN 2019lqo suggest that the SN had a relatively
long rise time and was discovered possibly during a post-shock
cooling phase, more similar to that of SN 1993J than the more
rapidly evolving SN 2011dh, but this is fairly poorly constrained.
The �t with SN 1993J as a template is superior compared to that
of SN 2011dh as a reference; this �t suggests that SN 2019lqo
has a host galaxy extinction of AV = 2:1+0:1

�0:3 mag, is 0:2+0:1
�0:3

mag brighter than SN 1993J, and peaked in R-band around JD
= 2458702 � 1 (i.e. around 2019 August 6). There is uncertainty
in the host galaxy extinction of SN 1993J and an average value

7 http://www.not.iac.es/instruments/notcam/guide/observe.html
8 https://mars.lco.global/109717499/
9 https://www.ztf.caltech.edu/page/dr3
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Fig. 5. a) 10 � 10 subsection of the EFOSC2 i-band discovery image (FWHM � 000:9) of AT 2018cux in NGC 3256, b) pre-discovery EFOSC2
reference image (FWHM � 000:8), and c) a subtraction between the images. The locations of SN 2018ec and AT 2018cux are shown with tick marks
in all the panels. Since the reference image contains increased �ux from SN 2018ec compared to that of the AT 2018cux discovery image, the
colour scale of the two events is reverse in the subtraction. The image scale and orientation are indicated in the left panel.

Fig. 6. Absolute magnitude light curves of AT 2018cux including an
estimated host galaxy extinction of AV = 2:1 mag. The light curves of
the subluminous Type IIP SN 2005cs (Pastorello et al. 2009) are shown
with solid lines and shifted vertically by +0.57 mag. The grey vertical
line indicates the epoch of the SALT spectrum. The epoch 0 is set to the
estimated explosion date of SN 2005cs.

of E(B � V) = 0:2 mag was adopted here for the comparison.
The rise of the SN 2019lqo light curve appears to be relatively
long compared to those of SNe 1993J and 2011dh, and also the
post-maximum decline is slightly slower in comparison to these
prototypical Type IIb SNe. Intriguingly SN 2019lqo is spectro-
scopically more similar to SN 2011dh with e.g., prominent ab-
sorption features of H i and Ca ii near-IR triplet lines compared to
SN 1993J (Fig. 12). Therefore, it seems that SN 2019lqo bridges
the observational characteristics of these two canonical Type IIb
SNe.

3.2. SN 2020fkb

SN 2020fkb in Arp 299 was discovered by the ZTF sur-
vey, reported by Pignata et al. (2020), with an internal name
ZTF18aarlpzd. The transient was �rst detected on 2020 March

Fig. 7. SALT spectrum (black) at the location of AT 2018cux corrected
for host galaxy extinction of AV = 2:1 mag. The overlaid (red) +106
d spectrum of the subluminous Type IIP SN 2005cs (Pastorello et al.
2009) is shifted with an arbitrary added constant and shows overall sim-
ilarity to that of the AT 2018cux observations. The spectra have been
redshift corrected to rest frame. The most prominent host lines of NGC
3256 are indicated. The main telluric bands are marked with a � sym-
bol.

28 06:19:45 UT at mg = 17:83 � 0:08 mag with a reported non-
detection on 2020 March 7 09:49:20 UT at mr = 19:34 mag.
The SN was classi�ed by Tomasella et al. (2020) on 2020 April
2.8 UT as a young Type Ib, roughly a week before maximum,
using the 1.82 m Copernico Telescope with the Asiago Faint
Object Spectrograph and Camera (AFOSC). We obtained fur-
ther optical spectrophotometric follow up of SN 2020fkb using
AFOSC, and the NOT with ALFOSC; optical imaging with the
Asiago 67/92 cm Schmidt telescope with the KAF-16803 CCD;
optical and near-IR imaging with the Liverpool Telescope (LT;
Steele et al. 2004) using the IO:O and IO:I (Barnsley et al. 2016)
instruments; and near-IR imaging using the NOT with NOTCam.
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Fig. 8. a) Late-time HST F621M image of PSN102750 observed 190 d after the discovery of the transient, b) pre-explosion HST F625W image of
the �eld of the transient, and c) a subtraction between the images. In addition to the event, the subtraction results also in some faint residuals from
sources in the �eld likely due to the somewhat di�erent �lter widths of the two epochs of observations. The transient location is shown with tick
marks. The orientation and image scale are indicated in the left panel.

The standard reduction of the Asiago observatory data was
carried out using the foscgui pipeline10, and basic instrumental
pipeline reduction products of the LT data were obtained for the
analysis. A selection of pre-explosion images were used as im-
age subtraction templates from the NOT, the Asiago telescope,
and the Pan-STARRS1 (Chambers et al. 2016) data release 2
archive11. The resulting PSF photometry of SN 2020fkb is listed
in Tables A.8 and A.9.

The host galaxy extinction of SN 2020fkb was estimated us-
ing light curves of a normal Type Ib SN 2004gq (Bianco et al.
2014; Stritzinger et al. 2018a) with an excellent multiband cov-
erage and a low host galaxy extinction estimate of AV = 0:26
mag (Stritzinger et al. 2018b). The �t suggests that SN 2020fkb
peaked around JD = 2458949 � 1 (i.e. around 2020 April 9),
has a host galaxy extinction of AV = 0:4+0:1

�0:2 mag, and is 0:1+0:2
�0:1

mag fainter than SN 2004gq; the best match is shown in Fig. 13.
For example, in r-band SN 2020fkb peaked at Mr � �17:2 mag;
this is not an unusual peak magnitude for a normal Type Ib SN,
but is placed at the faint end of the r-band distribution of these
SNe around �17 to �18 mag (e.g. Taddia et al. 2018). The afore-
mentioned pre-explosion non-detection limit, at an epoch corre-
sponding to �33 d from maximum light, is not strongly con-
straining the explosion epoch of SN 2020fkb, as normal Type Ib
SNe have typical r-band rise times of �21 d (Taddia et al. 2015)
with a distribution around a few days.

The spectral time series of SN 2020fkb (Table A.10) is
shown in Fig. 14, compared to a selection of SN 2004gq spectra.
The evolution of SN 2020fkb is quite normal for a Type Ib SN.
The spectra show broad and evolving P Cygni pro�les of He i
features, in particular the ��5876,6678,7065 lines. Furthermore,
at pre-maximum the spectra show the Ca ii H&K doublet, and
broad features arising likely from Fe ii blends. The He i �5876
line Doppler velocity of the P Cygni absorption minimum close
to light curve peak in our �4 d spectrum of SN 2020fkb is �9900
km s�1; this is consistent with typical velocities of this feature at
the corresponding phase of normal Type Ib SNe (Taddia et al.
2018), whereas the photometrically similar SN 2004gq shows
in fact overall larger velocities. The wavelength coverage of
the +20 d spectrum onwards extends further redwards and the

10 https://sngroup.oapd.inaf.it/foscgui.html
11 https://panstarrs.stsci.edu/

Ca ii near-IR triplet is prominently visible. The +72 d spectrum
is not completely nebular, but some nebular features have ap-
peared; the doublets [O i] ��6300,6304 and [Ca ii] ��7291,7324
are clearly present with a [O i]/[Ca ii] �ux ratio of �0.6. There
is also strong indication of the [O i] �5577 emission line, how-
ever, the Mg i] �4571 feature seen in the nebular spectra of many
normal Type Ib SNe (see e.g. Kuncarayakti et al. 2015) is not
clearly present at this phase.

4. Starburst age in high CCSN rate LIRGs

The numerous CCSN subtypes are expected to originate from
di�erent populations of massive stars, that have di�erences e.g.
in their life times. Motivated by this, we aimed to model the basic
starburst parameters in all LIRGs that have hosted nuclear CC-
SNe to investigate, whether there is a the trend between CCSN
subtypes and starburst age, tSB. Our SN sample comprises the
classi�ed CCSNe in LIRGs, at small projected distances from
the host nucleus, listed in Kool et al. (2018) and Kool (2019), ex-
panded by the new events presented in this manuscript. The sam-
ple events are discovered either at optical or IR wavelengths (i.e.,
we do not consider in our sample SN candidates detected only in
radio). In addition to the new CCSNe in NGC 3256 and Arp 299,
we also included in our analysis the recent Type II SN 2020cuj in
NGC 1614 that has a limited data set, see Appendix A.1. As the
star formation in LIRGs is heavily concentrated in the nuclear
regions ranging in size from �100 to �1000 pc (e.g. Soifer et al.
2001), the contribution of this region to the total CCSN rate is
typically >50 %. For example, 2/3 of the young massive clusters
in the LIRG Arp 299-A reside within �2.2 kpc of the nuclear re-
gions (Randriamanakoto et al. 2019). Furthermore, the panchro-
matic luminosity of these galaxies is dominated by their central
regions. While the SED �tting of the LIRGs is carried out here
for the whole galaxy (largely due to the limitations of the avail-
able photometry), the luminosity and star formation character-
istics are nonetheless dominated by the central regions of these
systems. We set the CCSN sample limit conservatively at �2.5
kpc projected distance limit from the centres of their host galax-
ies. Our initial sample thus consists of 16 LIRGS (18 � Dl � 150
Mpc), and 29 SNe (12 II, 3 IIn, 13 IIb/Ib/Ic, and 1 Ibn). We mod-
elled the SEDs of these sample LIRGs to study the distribution of
the CCSN subtypes and the host starburst age in these galaxies.
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Fig. 9. PSN102750 light curve comparisons to those of a) Type IIn SN 1998S, b) Type IIn SN 2005ip, c) Type IIP SN 2004et, d) Type Ic SN
2007gr, and e) Type Ia SN 2011fe. The reported un�ltered discovery magnitude is also shown in the plot with a black symbol.

We note that we were not able to model the nearby and extended
IC 2163/NGC 2207 system (host of SPIRITS 14buu and SPIR-
ITS 15c; Jencson et al. 2017) due to the vastly di�ering spatial

coverage across the range of wavelengths we considered; thus
this LIRG is not part of our sample. Furthermore, we did not in-
clude Type II SN 2004gh (Folatelli et al. 2004) in our analysis
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Fig. 10.a) 10 � 10 subsection of a NOTV-band follow-up image of SN 2019lqo in Arp 299, b) follow-up image of SN 2020fkb, and c) a subtraction
between the images. Tick marks indicate the locations of SNe2019lqo and 2020fkb. The image scale and orientation are indicated in the left panel.
The marked locations of IR bright main components (A, B, C, C0) of Arp 299 (Gehrz et al. 1983) illustrate that some of these regions are obscured
in optical wavelengths.

Fig. 11. SN 2019lqo light curve �ts to Type IIb SNe a) 2011dh and b) 1993J. The inset zoom-in panels show the pre-maximum light curves
suggesting a relatively long shock cooling phase. As previously noted, theGaia G-band upper limit is probably optimistic. The epoch 0 is set to
the estimatedR-band peak.

as the SED of its host galaxy MCG -04-25-06 has a very limited
wavelength coverage available, which would not enable robust
modelling.

It is possible that due to chance alignment some of the CC-
SNe with small projected distances are in fact located at much
larger distances from the host nucleus. While this cannot beac-
curately constrained, the host galaxy extinction providesa hint
of the true location of the CCSNe in LIRGs; CCSNe that are
more obscured by host galaxy extinction are also more likelyto
be embedded in the dusty central regions of their hosts. Thisis a
strong motivation to estimate host galaxy extinctions for CCSNe
in LIRGs, as we have done for the new events presented in this
paper. The sample CCSNe are listed in Table 1 with the available
reported host galaxy extinctions.

We used a grid of radiative transfer models for a starburst
(Efstathiou et al. 2000; Efstathiou & Siebenmorgen 2009), AGN
(Efstathiou & Rowan-Robinson 1995; Efstathiou et al. 2013),
and a spheroidal galaxy (Efstathiou et al., 2020, submitted) or

a disc galaxy (Efstathiou & Siebenmorgen 2020, in prep.) to
�t the SEDs using the SED Analysis Through Markov Chains
(SATMC) Monte Carlo code (Johnson et al. 2013). The host
galaxy model resulting for the best �t is indicated in Table 1.
The starburst and host galaxy models incorporate the stellar pop-
ulation synthesis model of Bruzual & Charlot (1993, 2003) and
assume a solar metallicity and a Salpeter initial mass function
(IMF). Alonso-Herrero et al. (2006) studied a local sample of
LIRGs and found them to have approximately solar metallicity.
While adopting a di� erent IMF can have some e� ect on the de-
rived parameters (see discussion in Herrero-Illana et al. 2017),
we adopt the classical Salpeter IMF, consistently with previous
studies. The �tting predicts the starburst SED at di� erent ages
with the assumption that the star formation rate declines expo-
nentially. The spheroidal galaxy model used here is an evolu-
tion of the cirrus model of Efstathiou & Rowan-Robinson (2003)
and is similar to that of Silva et al. (1998), incorporated inthe
GRAphite and SILicate (GRASIL) code. The model assumes

Article number, page 10 of 25



http://ned.ipac.caltech.edu/










https://wiserep.weizmann.ac.il
http://arxiv.org/abs/1612.05560



















	1 Introduction
	2 NGC 3256
	2.1 SN 2018ec
	2.2 AT 2018cux
	2.3 PSN J10275082-4354034

	3 Arp 299
	3.1 SN 2019lqo
	3.2 SN 2020fkb

	4 Starburst age in high CCSN rate LIRGs
	5 Conclusions
	A Appendix
	A.1 SN 2020cuj in NGC 1614


