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A B S T R A C T 

SN 2019neq was a very fast evolving superluminous supernova. At a redshift z = 0.1059, its peak absolute magnitude was 
−21.5 ± 0.2 mag in g band. In this work, we present data and analysis from an e xtensiv e spectrophotometric follow-up campaign 

using multiple observational facilities. Thanks to a nebular spectrum of SN 2019neq, we investigated some of the properties 
of the host galaxy at the location of SN 2019neq and found that its metallicity and specific star formation rate are in a good 

agreement with those usually measured for SLSNe-I hosts. We then discuss the plausibility of the magnetar and the circumstellar 
interaction scenarios to explain the observed light curves, and interpret a nebular spectrum of SN 2019neq using published 

SUMO radiative-transfer models. The results of our analysis suggest that the spin-down radiation of a millisecond magnetar with 

a magnetic field B � 6 × 10 

14 G could boost the luminosity of SN 2019neq. 

K ey words: supernov ae: general – supernov ae: indi vidual: SN 2019neq. 
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 I N T RO D U C T I O N  

t is widely accepted that supernovae (SNe) are a possible final stage
f the life of massive stars and white dwarfs in close binary systems;
hey are observationally classified as type-I (SNe I) or type-II (SNe 
I) depending on whether they are hydrogen-poor or hydrogen- 
ich, respectively. SNe are usually discovered by untargeted wide- 
eld surv e ys and the y can be identified in their local environment
erforming differential photometry (see also section 2 and Kessler 
t al. 2015 ): in fact, their light curves (LCs) have a magnitude
t maximum spanning the range −14 to −19 mag in the optical
ands. SN light curves are normally interpreted as being powered 
y 56 Ni radioactive decay (e. g. Nadyozhin 1994 ) and by the energy
eposited in the ejecta by the shock break-out. Ho we ver, observ ations
f the so-called superluminous SNe (SLSNe) have complicated 
his picture, as their absolute magnitude at maximum can be even 
righter than −21 mag in optical bands (e.g. Gal-Yam 2012 , 2019 ).
imilar to their lower luminosity siblings, these events are grouped 

n SLSNe I and SLSNe II based on the strength of their H features,
o we ver their luminosity cannot be comfortably explained by the 
nergy released from 

56 Ni decay if the classical neutrino-wind 
riven core–collapse scenario is assumed. In fact, the explosion 
 E-mail: achillefiore@gmail.com (AF); stefano.benetti@inaf.it (SB) 
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
f standard SN progenitors synthesizes ∼ 0 . 1 M �, while SLSNe
equire � 1 − 10 M � of 56 Ni (e.g. Umeda & Nomoto 2008 ; Gal-Yam
t al. 2009 ; Kasen, Woosley & Heger 2011 ; Dessart et al. 2012 ). In
rinciple, the explosion of a pair-instability SN (e. g. Yoshida et al.
016 ) is a channel to synthesize much more 56 Ni than standard core–
ollapse SNe, but this scenario is disfavoured by the observed spectra
f SLSNe (see e.g. Kozyre v a & Blinnikov 2015 ; Mazzali et al. 2019 ;
oriya, Mazzali & Tanaka 2019 ). Two main alternativ es hav e been

onsidered to reproduce the observational properties of SLSNe. The 
rst requires a shock where the SN ejecta collides with circumstellar
aterial (CSM) lost by the progenitor star before its explosion 

Woosle y, Blinniko v & Heger 2007 ; Sorokina et al. 2016 ; Tolstov
t al. 2017 ; Woosley 2017 ). In this scenario, the shock driven by their
N ejecta converts the kinetic energy in radiation via collisional 
xcitation and ionization processes. Alternatively, the deposition 
n the ejecta of the spin-down radiation of a newly born, highly
agnetized neutron star (a magnetar; e.g. Woosle y, Blinniko v &
eger 2007 ; Kasen & Bildsten 2010 ) can boost SLSNe luminosities.
o we ver, the magnetar model does not naturally predict the bumps
ften seen in SLSNe-I LCs both before and after maximum (see e.g.
icholl et al. 2016a ; Smith et al. 2016 ; Nicholl, Guillochon & Berger
017 ; Vreeswijk et al. 2017 ; Lunnan et al. 2020 ; Fiore et al. 2021 ;
uti ́errez et al. 2022 ; Chen et al. 2023a , b ; Lin et al. 2023 ; West

t al. 2023 ; but see Moriya et al. 2022 ) but is able to account for
he huge variety of LC evolutionary time-scales shown by SLSNe I
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http://orcid.org/0000-0002-0403-3331
http://orcid.org/0000-0002-3256-0016
http://orcid.org/0000-0002-3697-2616
http://orcid.org/0000-0003-3140-8933
http://orcid.org/0000-0002-7714-493X
http://orcid.org/0000-0003-2191-1674
http://orcid.org/0000-0003-2375-2064
http://orcid.org/0000-0003-4254-2724
http://orcid.org/0000-0002-1022-6463
mailto:achillefiore@gmail.com
mailto:stefano.benetti@inaf.it
https://creativecommons.org/licenses/by/4.0/


6474 A. Fiore et al. 

M

(  

2
 

b  

m  

3  

g  

t  

e  

o  

(  

h  

e  

d  

l  

t  

2  

a  

b  

S  

v  

n  

s
 

w  

s  

i  

l  

w  

(  

m  

o  

t  

w  

a  

(  

L  

R  

c  

d  

r
 

T  

o  

2  

2  

H  

m  

a  

v  

P  

p  

u  

2  

t  

o  

t  

o  

b
 

s  

4  

(  

4  

a  

a  

n  

o  

w  

H  

H  

r

2

2

U  

w  

N  

2  

s  

(  

T  

p  

t  

(  

v  

u  

O  

2  

r  

2  

p  

a  

o  

t  

c  

w  

w  

t  

f  

w  

a  

l  

w  

t  

m  

S  

a  

I  

s  

S  

R  

F  

S  

1 https://nuts.sn.ie 
2 Their calibration was done using the updated version (2020 No v ember) of 
the sensitivity corrections. 
3 ECSNOOPY is a python package for SN photometry using PSF fitting and/or 
template subtraction developed by E. Cappellaro. A package description can 
be found at http:// sngroup.oapd.inaf.it/ . 
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Chatzopoulos et al. 2013 ; Inserra et al. 2013 ; Nicholl et al. 2014 ,
015a ; Nicholl, Guillochon & Berger 2017 ). 
Observationally, SLSNe I have blue spectra (with a black-

ody temperature spanning T BB = 10 000 –20 000 K) during the pre-
aximum/maximum phases, with prominent absorptions between

000 and 5000 Å. These features are usually identified as O II (e.
. Mazzali et al. 2016 ), although there is no general consensus on
his (as discussed later). After 2–3 weeks from maximum, SLSNe I
nter a new phase in which their spectra bear a resemblance to those
f broad lined SNe Ic (SNe Ic BL) at their maximum luminosity
e.g. Pastorello et al. 2010 ). Photometrically, their LCs are very
eterogeneous and may evolve over a wide range of time-scales (see
.g. fig. 5 of De Cia et al. 2018 ). Inserra et al. ( 2018 ) suggested to
istinctly separate rapidly declining SLSNe I from slow ones, but
arger SLSNe-I samples point towards a continuous distribution of
ime-scales (Nicholl et al. 2015a ; De Cia et al. 2018 ; Lunnan et al.
018 ; Angus et al. 2019 ). Recently, K ̈on yv es-T ́oth & Vink ́o ( 2021 )
nd K ̈on yv es-T ́oth ( 2022 ) proposed a new SLSNe-I subclassification
ased on their features in pre-maximum/maximum spectra: type-W
LSNe I, whose absorptions are well fitted by O II at reasonable
elocities and type-15bn SLSNe I, whose early spectral features are
ot easily explained by O II and show similarities with the coe v al
pectra of SN 2015bn (Nicholl et al. 2016a ). 

In this work, we deal with the SLSN I SN 2019neq, which
as classified by K ̈on yv es-T ́oth & Vink ́o ( 2021 ) in the type-W

ubgroup. At a redshift z � 0.1059 (see Section 3 ), SN 2019neq
s located at RA = 17 h 54 m 26 . s 736, Dec = + 47 ◦15 ′ 40 . ′′ 62 and it is
ikely associated with the galaxy SDSS J175426.70 + 471542.3. It
as disco v ered on 2019 August 9 by the Zwicky Transient Facility

ZTF; Bellm et al. 2019 ) with an apparent magnitude of g = 20.4
ag (Perley et al. 2019 ), and named with the internal designation

f ZTF19abpbopt. A few days later, a spectrum observed with
he Palomar 60-inch + SED Machine revealed a hot continuum
ith some unidentified features (Perley et al. 2019 ). After ∼18 d,
 spectrum of SN 2019neq was taken at the Liverpool Telescope
LT; Steele et al. 2004 ) (Roque de Los Muchachos Observatory,
a Palma, Spain) equipped with the SPRAT (SPectrograph for the
apid Acquisition of Transients, Piascik et al. 2014 ) instrument and
lassified as a SLSN I (K ̈on yv es-T ́oth et al. 2019 ). A g = 17.2 mag
etection implied that it was still in the rising phase with a rest-frame
ate of ∼0.2 mag d −1 . 

SN 2019neq was already included in several studies: K ̈onyves-
 ́oth et al. ( 2020 ) presented and discussed the ZTF photometry
f SN 2019neq and three photospheric spectra. Furthermore, SN
019neq was included in four sample papers (Hosseinzadeh et al.
022 ; Chen et al. 2023a , b ; Pursiainen et al. 2023 ): in particular,
osseinzadeh et al. ( 2022 ) and Chen et al. ( 2023a , b ) interpret post-
aximum undulations in the g - and r -filter LCs of SN 2019neq

s SLSNe-I bumps, i.e. they attributed the undulations either to a
ariable energy source or to an external one (e.g. CSM interaction).
ursiainen et al. ( 2023 ) analysed linear-polarimetry data of 7 H-
oor SLSNe I and concluded that SLSNe I with oscillating LCs
sually show an increase of the degree of polarimetry: therein, SN
019neq was included in the non-oscillating SLSNe I subsample. In
his work, we present a deep photometric and spectroscopic data set
f SN 2019neq and, based on new coeval photometry, disfa v our that
he undulations seen in its g - and r -filters LCs have an astrophysical
rigin. Our analysis is in agreement with the ejecta mass estimated
y K ̈on yv es-T ́oth et al. ( 2020 ) in an independent way. 
In detail, in Sections 2 and 3 we introduce the photometric and the

pectroscopic observations of SN 2019neq, respectively; in Section
 we compare SN 2019neq LCs and spectra with other SLSNe I
NRAS 527, 6473–6494 (2024) 
Section 4.1 ), we study its colour and temperature evolution (Section
.2 ), and the evolution of its expansion velocity via the O II spectral
bsorption features (Section 4.3 ). Finally, we discuss the magnetar
nd the CSM-interaction interpretations (Section 4.4 ) using the
ebular spectrum of SN 2019neq (Section 4.4.1 ) and modelling its
bserved multicolour LCs (Section 4.4.2 ). Throughout the paper, we
ill assume a flat Universe with �M 

= 0.31, �� 

= 0 . 69, and with a
ubble constant H 0 = 71 ± 3 km s −1 Mpc −1 ; we took this value of
 0 as an average among the estimates provided by Planck Collabo-

ation XIII ( 2016 ), Khetan et al. ( 2021 ), and Riess et al. ( 2021 ). 

 PHOTOMETRY  

.1 Obser v ations and data reductions 

ltra violet/optical/near -infrared imaging data of SN 2019neq
ere obtained via different facilities. In detail, we used the
OT Unbiased Transients Surv e y 2 (NUTS2; 1 Mattila et al.
016 ; Holmbo et al. 2019 ) at the 2.56-m Nordic Optical Tele-
cope (NO T) + ALFOSC/NO TCam, the 2.0-m Liverpool Telescope
LT) + IO:O, La Palma observatory, Spain; the 1.82-m Copernico
elescope + AFOSC and Schmidt telescopes at the Asiago Astro-
hysical Observatory, Italy; the Tsinghua-NAOC (National As-
ronomical Observatories of China) Telescope (TNT) + BFOSC
Beijing Faint Object Spectrograph and Camera), Xinglong Obser-
atory, China (Wang et al. 2008 ; Huang et al. 2015 ). uvw 2, uvm 2,
vw 1, U , B , V follow up was triggered with the Neil Gehrels Swift
bservatory + Ultraviolet/Optical Telescope (UV O T; Gehrels et al.
004 ). Swift /UV O T uvw 2, uvm 2, uvw 1, U , B , V -filter frames were
educed 2 with the HEASOFT package [version 6.25 (HEASARC)
014 ]. The ground-based u , B , V , g , r , i , z photometric frames were
reliminary pre-processed, i.e. they were corrected for overscan, bias,
nd flat field. Magnitude measurements were performed by means
f the ECSNOOPY pacakage 3 (Cappellaro 2014 ). Before measuring
he SN flux, we accounted for the contribution of the background
ontaminating the SN light either with a polynomial interpolation or
ith the template-subtraction technique. The latter was performed
ith the HOTPANTS tool (Becker 2015 ). When possible, we used

emplate frames obtained with the same instrumental setting used
or the scientific observations and observed after that the SN faded
ell below the detection limit. When deep template frames were not

vailable, we estimated the background contribution interpolating a
ow-order polynomial to the area surrounding the SN position. This
as interpreted as the background level and then subtracted from

he photometric frames contaminated by the SN background. SN
agnitudes were then measured fitting a point spread function to the
N (Stetson 1987 ). A detailed description of the image reduction
nd measurements procedures can be found in Fiore et al. ( 2021 ).
nstrumental u , B , g , V , r , i , z magnitudes were calibrated on a
equence of non-saturated field stars from the SDSS (Sloan Digital
k y Surv e y) and the P an-STARRS (P anoramic Surv e y Telescope and
apid Response System; Chambers et al. 2016 ) surv e ys, respectiv ely.
or U , B , V filters, we converted the reference star magnitudes from
loan to Johnson system following Chonis & Gaskell ( 2008 ). J , H ,

https://nuts.sn.ie
http://sngroup.oapd.inaf.it/


The superluminous SN 2019neq 6475 

Figure 1. S-corrected light curves for SN 2019neq in uvw 2, uvm 2, uvw 1, U , u , B , g , V , r , i , z, J , H , K s bands (each LC is labelled on its right-hand side). 
Photometry obtained with different instruments are plotted with different symbols, as labelled in the upper right-hand corner. The g -filter LC was fitted with a 
high-order polynomial (red solid line) to obtain the epoch of maximum luminosity (see the text). Arrows correspond to 2.5 σ detection limits. Magnitudes are 
in the AB system. The upper inset on the right-hand side shows the period in which the late bump is visible [additional data from Hosseinzadeh et al. ( 2022 ) are 
represented by black dots]; the lower-left and lower-right insets show the pre-maximum phases in r and g filters, respectively. 
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 s magnitudes were calibrated with reference to field stars present in 
he 2MASS catalogue (Two-Micron All Sky Survey; Skrutskie et al. 
006 ). Given the very rapid evolution of SN 2019neq, deep u , B , V ,
 , r , i , z template frames were observed on 2020 June 12 (MJD =
9012, only 281 rest-frame days after the maximum luminosity) by 
UTS2. Since the SN was not detected in the template frames within
 3 σ detection limit, we assumed that the luminosity of SN 2019neq
aded well below the galaxy luminosity . Finally , it was not possible to
emplate subtract the J , H , K s -filter frames since no suitable template
as available for these filters. Therefore we estimated the background 

ontribution fitting a low-order polynomial. We also include o and c 
TLAS (Asteroid Terrestrial-impact Last Alert System; Tonry et al. 
018a ) photometry, which we converted to standard g and r via
onry et al. ( 2018b ). The results of our magnitude measurements
re listed in Tables C1 , C2 , C3 , and C4 . Finally, we applied to these
ata the S- and K- corrections to bring back the many instrumental
hotometric systems to the corresponding standard and rest-frame 
nes (see Appendix A for details). 
.2 Obser v ed and bolometric light cur v es 

he S-corrected LCs are shown in Fig. 1 . To investigate the presence
f a possible pre-maximum bump feature in the LC, and to better
onstrain the rising phase towards the maximum luminosity, we 
dded publicly available ZTF g - and r -filter photometry. The latest
on-detection fainter than the polynomial fit of the early g LC
orresponds to 2019 August 7 (MJD = 58703.312, g = 20.7 mag),
nd the first detection in g filter ( g = 20.4 mag) was about one day
ater (MJD = 58704.307). It is therefore possible to estimate that
he explosion date occurred on MJD � 58704 ± 1 (2019 August
). Early g -filter detection limits exclude the occurrence of a pre-
aximum bump within ∼79 d before the estimated explosion date. 
o estimate the maximum-luminosity epoch, we fitted a high-order 
olynomial to the g -filter LC and find that the maximum occurred
n MJD MAX = 58731 ± 2 (2019 September 5) at a magnitude
 MAX = 17.07 ± 0.10 mag (uncertainties were established by 
arying the order of the fitted polynomial). Given a luminosity 
MNRAS 527, 6473–6494 (2024) 
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M

Figure 2. Pseudo-bolometric LC of SN 2019neq. For comparison also the 
56 Co-decay slope is also shown (black-dashed line). 
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4 http:// sngroup.oapd.inaf.it/ . 
5 FOSCGUI is a PYTHON/PYRAF based graphic user interface aimed at extracting 
SN spectroscopy and photometry obtained with FOSC-like instruments. It 
was developed by E. Cappellaro. A package description can be found at 
http:// sngroup.oapd.inaf.it/ foscgui.html . 
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istance d L = 482 . 2 + 21 . 3 
−19 . 5 Mpc, corresponding to a distance modulus

= 38 . 416 + 0 . 094 
−0 . 090 mag, and a Galactic extinction A V = 0.104 mag

Schlafly & Finkbeiner 2011 ), the peak absolute magnitude of SN
019neq is M g = −21.5 ± 0.2 mag. As no narrow absorption lines
rom the Na I D doublet (Poznanski, Prochaska & Bloom 2012 ) are
een in the spectra, we assume no extinction from the host galaxy.
n the following, we refer to the rest-frame time with respect to
aximum as ‘phase’ ( φ). The assumed explosion epoch implies that

he phase at the point of explosion is −24 d. 
The pseudo-bolometric LC of SN 2019neq was computed by

ntegrating the broad-band photometry, adopting as reference the
pochs of the r -filter photometry (see Fig. 2 , Table C10 for the K-
orrection and Table C11 for the pseudo-bolometric LC). SN2019neq
ises towards the maximum luminosity very rapidly at a rate v rise ≈
0 . 13 mag d −1 , it reaches a maximum luminosity of (2 . 04 ± 0 . 04) ×

0 44 erg s −1 and fades at a rate v decline ≈ 0 . 05 mag d −1 , which is
2.6 times slower than the rising rate. This ratio is somewhat higher

han the typical v decline / v rise ≈ 2 ratio for SLSNe I (Nicholl et al.
015a ). 

.3 LC bumps in SN 2019neq 

Cs of SLSNe I often display pre-maximum and/or post-maximum
umps, which are usually interpreted as signatures of CSM-
nteraction. Their occurrence seems to be more common for the
lo wer-e volving e vents (see e.g. Nicholl et al. 2015b , 2016b ; Yan
t al. 2015 ; Yan et al. 2017 ), but this connection is debated and might
imply be due to the fact that slow SLSNe I can be observed for a
onger time. 

Hosseinzadeh et al. ( 2022 ) and Chen et al. ( 2023b ) noticed post-
nd pre-maximum undulations in the SN 2019neq LCs respectively,
nd included it in sample studies of bumpy SLSNe I. In particular,
osseinzadeh et al. ( 2022 ) used ZTF, Pan-STARRS, and ATLAS
ata, together with g , r , i observations from the 1.2 m telescope + Ke-
lerCam at the Fred Lawrence Whipple Observatory for SN 2019neq
Szentgyorgyi et al. 2005 ). Their bumpy-SLSNe I sample consists of
4 objects whose LCs deviate from the best-fitting magnetar-powered
OSFIT LC, which introduces a model dependence in the definition
f a ‘bump’. Their KeplerCam g , r , i measurements are in good
greement with our coe v al photometric data, which indeed seem to
how a flattening at about 80 d after maximum (see Fig. 1 , upper-right
anel) and reveal � 0 . 3 mag -amplitude undulations occurring on a
ime-scale of � 2 d. Ho we ver, gi ven the interruption of the follow-
NRAS 527, 6473–6494 (2024) 
p at this phase, we are not able to reach a firm conclusion on the
eracity of physical origin of these LC features. 

Chen et al. ( 2023b ) discussed ZTF photometry which we also
se in this work. In the pre-maximum data (at a phase of ∼−20),
he g and possibly r LCs appear to display a hump (see Fig. 1 ,
ower-right panel). This deviation from the general rising slope of
he LCs is ho we ver encompassed by the errorbars, although the
ossible correspondence two bands (the only in which we have very
arly detections) might provide some additional support. Ho we ver,
s evidence for the presence of bumps is relatively weak, we do
ot consider data from Hosseinzadeh et al. ( 2022 ) in the following
nalysis. 

 SPECTROSCOPY  

.1 Obser v ations and data reductions 

ptical spectra of SN 2019neq were obtained with the 1.82m
opernico + AFOSC telescope, with NOT + ALFOSC via NUTS2,
ith the Xinglong 2.16-m telescope + BFOSC and with the 10.4m
ran Telescopio CANARIAS (GTC) + OSIRIS (Optical System for

maging and low-Intermediate-Resolution Integrated Spectroscopy;
epa et al. 2000 ). The raw 2D spectroscopic frames were pre-
rocessed, wavelength-calibrated, extracted, and flux-calibrated with
tandard IRAF procedures called via the graphical user interface 4 

OSCGUI . 5 BFOSC spectra were reduced with IRAF procedures
irectly. The flux calibration of each spectrum was then checked
gainst the coe v al optical photometry (which was interpolated in
ase of missing epochs). 

.2 The spectra 

he spectral evolution of SN 2019neq is shown in Fig. 3 (see also
able C12 ). Pre-maximum/maximum spectra of SN 2019neq have
 hot blue continuum with blackbody temperatures of about T BB ≈
6000 K. The hot continuum is almost featureless, with only a W-
haped O II absorption feature and the O I λ 7774 feature visible
n the red part. At bluer wavelengths, the Ca II H&K doublet is
lso present. After 10 d from maximum, the continuum cools, the
-shaped features gradually disappear in fa v our of the Fe II and
g II features and the spectra of SN 2019neq start to resemble a SN

c BL spectrum at maximum luminosity. In addition, at this phase
i II was identified by K ̈on yv es-T ́oth et al. ( 2020 ) with a spectral
t obtained with SYN + + . After + 19 d, the continuum gradually
ools down, and up to + 80 d the spectral features do not evolve
ignificantly, except for their intensity and velocity (see Section 4.3 ).
t late phases, when the forbidden emission lines start to be seen

n the spectrum, the Mg II feature is expected to be contaminated or
eplaced by the semiforbidden Mg I ] λ 4571 feature; ho we ver, this
egion is not covered by the latest spectrum ( + 231 d). Finally, we
sed the positions of the narrow H α, [O III ] host-galaxy emission
ines measured in the + 68, + 80, and + 231 d spectra to derive a host
alaxy redshift of z = 0.10592 ± 0.00005 (where the uncertainty is
iven by the dispersion of the measurements). 

http://sngroup.oapd.inaf.it/
http://sngroup.oapd.inaf.it/foscgui.html
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Figure 3. The spectral evolution of SN 2019neq reported to the rest-frame. The spectra (in background) were also smoothed with a Savitzky–Golay filter 
(Savitzky & Golay 1964 , overimposed) to make the features more distinguishable. Spectra were offset and scaled. Identified spectral features are marked with 
black dashed lines at their corresponding rest-frame wavelength. Numbers on the right-hand side of each spectrum indicate their phase. 
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We also estimated the metallicity at the site of SN 2019neq by
eans of the narrow emission lines from the host galaxy which show

p at late/nebular phases. We measured the flux emitted within these 
ines after optimizing the extraction from the 2D spectrum for the 
ost-galaxy and calibrating it against the host photometry at the SN 

ocation (see also Lunnan et al. 2014 ). To derive the metallicity, we
sed the tool PYMCZ (Bianco et al. 2016 ). In short, PYMCZ computes
he metallicity from the flux measurements of those narrow emission 
ines via a number of metallicity diagnostics. To associate the 
rrorbars to the metallicity measurements, PYMCZ randomly samples 
 Gaussian distribution whose mean and standard deviation are 
iven by the flux measurements and their uncertainties, respectively. 
n the case of SN 2019neq, we measured the flux emitted within the
O II ] λ 3727, H β, [O III ] λ 4959, [O III ] λ 5007, H α, [S II ] λ 6717
mission lines. The nebular spectrum of SN 2019neq at 231 d after
aximum does not show the [N II ] λλ 6548 , 6583 narrow emission

ines. The only diagnostic which could be suitably used is then
he M08 O3O2 (Maiolino et al. 2008 ), giving a metallicity 12 +
og 10 (O/H) � 8.3, which corresponds to Z � 0 . 4 Z � assuming a
olar metallicity 12 + log 10 (O/H) = 8.69 (Asplund et al. 2009 ). 

Finally, we estimated the star formation rate (SFR) of the host
alaxy of SN 2019neq based on the measurements of the flux
MNRAS 527, 6473–6494 (2024) 
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Table 1. The SLSNe I sample used in this work (including SN 2019neq) with 
the values of g norm, −15 and g max and the reference used for the data (errors 
in parenthesis). Absolute magnitudes in AB system, corrected for foreground 
extinction and K-corrected, and referred to the cosmological model assumed 
in this work. 

Name g norm, −15 g max Reference 

SN2018bym 0.26(0.05) −21.88(0.02) Chen et al. ( 2023a ) 
SN2018fcg 1.55(0.05) −20.32(0.05) Chen et al. ( 2023a ) 
SN2018kyt 1.73(0.00) −20.68(0.07) Chen et al. ( 2023a ) 
SN2019cdt 0.74(0.01) −21.07(0.07) Chen et al. ( 2023a ) 
SN2019aamp 0.20(0.04) −22.14(0.02) Chen et al. ( 2023a ) 
SN2019kwt 0.38(0.07) −22.57(0.02) Chen et al. ( 2023a ) 
SN2019eot 0.17(0.07) −22.43(0.03) Chen et al. ( 2023a ) 
SN2019lsq 0.54(0.05) −20.68(0.03) Chen et al. ( 2023a ) 
SN2019nhs 0.36(0.05) −21.48(0.02) Chen et al. ( 2023a ) 
SN2019stc 0.43(0.01) −20.39(0.03) Chen et al. ( 2023a ) 
SN2019unb 0.18(0.08) −19.91(0.08) Chen et al. ( 2023a ) 
SN2019ujb 0.25(0.10) −21.42(0.08) Chen et al. ( 2023a ) 
SN2019zbv 0.36(0.07) −21.99(0.03) Chen et al. ( 2023a ) 
SN2020fvm 0.29(0.05) −21.43(0.06) Chen et al. ( 2023a ) 
SN2020auv 0.35(0.06) −21.72(0.05) Chen et al. ( 2023a ) 
SN2020exj 0.91(0.03) −20.48(0.02) Chen et al. ( 2023a ) 
SN2020htd 0.34(0.10) −21.39(0.02) Chen et al. ( 2023a ) 
SN2019neq 1.10(0.13) −21.62(0.20) this work 
SN2010gx 1.16(0.02) −20.91(0.20) Pastorello et al. ( 2010 ) 
PTF11rks 4.41(0.02) −21.00(0.05) Inserra et al. ( 2013 ) 
SN2015bn 0.07(0.05) −22.17(0.04) Nicholl et al. ( 2016a ) 
PTF12dam 0.08(0.07) −21.79(0.10) Nicholl et al. ( 2013 ) 
SN2011ke 0.28(0.03) −21.60(0.05) Inserra et al. ( 2013 ) 
SN2020wnt 0.09(0.03) −20.44(0.03) Guti ́errez et al. ( 2022 ) 
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mitted by the reddening corrected narrow H α using equation (2) of
ennicutt ( 1998 ). The derived SFR is � 2 . 6 M � yr −1 , similar to the
FRs measured by Chen et al. ( 2017 ) for a sample of galaxies hosting
LSNe I. In addition, we estimated the specific SFR, i.e. the SFR
xpressed per unit of stellar mass content of the host galaxy, sSFR

SFR/ M ∗. To estimate M ∗, we used equation (8) of Taylor et al.
 2011 ) after having measured the g host = 20 . 4 ± 0 . 1 mag and i host =
9 . 7 ± 0 . 1 mag for the host galaxy. We adopted Galactic extinction
orrections from Schlafly & Finkbeiner ( 2011 ) and we obtained
-corrections scaling a starburst-galaxy template from Calzetti,
inney & Storchi-Bergmann ( 1994 ) to the g host and i host magnitudes,

hus obtaining log 10 M ∗/ M � � 9.1 and sSFR � 2 . 3 Gyr −1 . These
alues are in a good agreement with the average properties of a
ample of 31 SLSNe I host galaxies studied by Lunnan et al. ( 2014 ).
e stress that the SFR and sSFR values deduced can be highly

ffected by the error on the K-corrections. 

 DISCUSSION  

.1 Photometric and spectroscopic comparisons 

n order to highlight its similarities/differences with other SLSNe I,
e selected a sample including both very slow- and fast-evolving
LSNe I to compare their K-corrected g -filter absolute LCs and
pectra with those of SN 2019neq. The slow-SLSNe I subsample
onsists of SN 2020wnt (Guti ́errez et al. 2022 ), SN 2015bn (Nicholl
t al. 2016a ), and PTF12dam (Nicholl et al. 2013 ; Chen et al. 2015 ;
reeswijk et al. 2017 ), while the fast-SLSNe I one includes SN
011ke and PTF11rks (Inserra et al. 2013 ; Quimby et al. 2018 ). In
ddition, we imported the best-sampled and non-heavily oscillating
 -filter ZTF LCs among those published in Chen et al. ( 2023a ) (see
 able 1 ). W e compared the LCs of the SLSNe I of this sample with

hat of SN 2019neq. In addition, we investigated if SN 2019neq has
 peculiar behaviour compared to the expected correlation between
he SLSNe I maximum luminosity and the evolutionary time-scales
see Inserra et al. 2018 ). 

The LC comparison was done both in absolute and normalized
nits (see Fig. 4 , left and right panel, respectively). When the K-
NRAS 527, 6473–6494 (2024) 

igure 4. Comparisons of the absolute g -filter LC of SN 2019neq (stars) with those
riangles) (data from Inserra et al. 2013 ) and two slo w-e volving SLSNe I, SN 201
t al. 2013 ; Chen et al. 2015 ; Vreeswijk et al. 2017 ). Right panel: LCs comparison
ithout rescaling. The absolute LCs were computed assuming the cosmological pa
orrections were not available from the spectra, we approximate
t as −2.5log 10 (1 + z) (Hogg et al. 2002 ), which was shown to
e a reasonable approximation for SLSNe I (Chen et al. 2023a ).
he LCs of the ZTF subsample are coloured according to their
volutionary velocity: we used the normalized magnitude at a phase
f −15 rest-frame days, g norm, −15 , as a proxy for it. Hence, faster-
v olving SLSNe I ha ve greater values of g norm, −15 and vice versa. To
easure g norm, −15 , for each SN we fitted a polynomial to the g -filter
 of two fast-evolving SLSNe I, SN 2011ke (squares) and PTF11rks (inverted 
5bn (crosses) (Nicholl et al. 2016a ) and PTF12dam (plus symbols) (Nicholl 
 normalized to the same maximum luminosity. Left panel: LCs comparison 
rameters used in this work (see the Introduction). 
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Figure 5. Absolute g -filer magnitude g max (corrected for foreground extinc- 
tion and K-corrected) versus the normalized magnitude at −15 d g norm, −15 

(see the text). Black dots correspond to the ZTF sample (see Table 1 for the 
coordinates), while the other symbols are the same as in Fig. 4 . 
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C around the maximum luminosity. The degree of the polynomial 
nd the fit domain were varied in order to minimize the root-mean
quared of the fit. This quantity was also used as errorbar on g norm, −15 ,
lthough this choice may o v erestimate it. The values of g norm, −15 and
 max of the selected comparison sample are listed in Table 1 too.
e then plot the g max values versus g norm, −15 (Fig. 5 ). Our sample

onfirms the abo v ementioned correlation between peak luminosities 
nd the evolutionary time-scales, with some exceptions none the less: 
N 2019neq is actually one of the outliers as it evolves faster than

he other SLSNe I with comparable peak luminosities; SN2018bym 

nd the peculiar SN 2020wnt are slower than the other SLSNe I
aving comparable peak luminosities. On the contrary, SN 2015bn, 
TF12dam, SN 2010gx, and SN 2011ke better agree with the general 

rend followed by the ZTF subsample (PTF11rks was excluded due 
o the lack of pre-maximum data). Ho we ver, much larger samples
re required to draw general conclusions on this. 

Furthermore, we compared three spectra of SN 2019neq (at phases 
6, + 10, + 231 d) with the available spectra for the comparison

ample (including some of those belonging to the ZTF sample, see 
ig. 6 ) at similar phases. In particular, we included pre-maximum 

pectra of SN 2019nhs and SN 2019unb and post-maximum spectrum 

f SN 2019cdt. We also added a spectrum of the type-Ic BL SN
003jd at about its maximum luminosity given its resemblance to 
LSNe I spectra after maximum (see Section 1 ). The absorptions
n the blue part of the early spectrum of SN 2019neq are different
rom those of SN 2015bn, PTF11rks, and SN 2020wnt, and hence 
ue to other transitions (see also K ̈on yv es-T ́oth & Vink ́o 2021 ),
hile they possibly share the broad features from Si II and O II on

he red side. In particular, the spectrum of SN 2019neq at −6 d
ooks more similar to the almost coe v al one of SN 2019unb, whose
ocation in the ( g norm, −15 , g max ) space is also peculiar (see Table 1 ).
t later phases, the spectrum of SN 2019neq ( + 10 d after maximum)

s similar to that of PTF11rks at the same phase and shows several
road features which nearly reproduce the spectral behaviour of 
Ne Ic BL at maximum luminosity. To see this, we compared 

he spectrum of SN 2019neq at 10 d after maximum with that of
he SN 2003jd at maximum luminosity, which was given as best-
atch template by GELATO (Harutyunyan et al. 2008 ). Also the post-
aximum spectrum of SN 2020wnt, PTF12dam, and SN 2019cdt 

re similar to the other spectra shown at comparable phases, but 
he prominent feature seen in these spectra at about 4700 Å cannot 
e easily explained by the Mg II λ4571 only . Finally , the spectrum
f SN 2019neq observed 231 d after maximum was compared with
he spectra of PTF12dam and SN 2020wnt. At these epochs, the
pectra look different. In particular, the nebular spectra of PTF12dam 

nd SN 2020wnt still show some broad features between 5000 
nd 6000 Å and more prominent [Ca II ] λλ 7291, 7323 and O I λ

774 features. The nebular spectrum of SN 2019neq looks instead 
retty much featureless, except for the [O I ] λλ 6300,6364; ho we ver,
ts lower signal-to-noise ratio makes a more thorough comparison 
ifficult. 

.2 SED, colours, photospheric temperature, and radius 
volutions 

e discuss the SED evolution by analysing the time variation of
roperties deduced from the multicolour photometry presented in 
ection 2 . In detail, we present the rest-frame colours (Figs 7 and
 ), photospheric temperature and radius evolution. Photospheric 
emperatures were estimated by fitting a blackbody curve to the SED
nd the photospheric radius was inferred via the Stefan–Boltzmann 
a w. To e xclude an y possible UV/NIR deviations from the blackbody,
e repeated the calculation excluding the uvw 2, uvm 2, uvw 1, J , H , K s -
uxes from the SED (Figs 9 and 10 ). In addition, for each epoch t = φ

 24 (hence the phase from explosion, assuming an explosion phase
f −24 d, see Section 2.2 ) we estimated the photospheric temperature
nd radius from spectra: to do this, we fitted blackbody curve to
pectra and computed for each epoch t the radius as v phot ( t ) × t (see
essart et al. 2015 , and discussion in Section 4.3 ). Ho we ver, we

ound no major temperature differences between the three estimates 
nd conclude that, at least at photospheric post-maximum phases 
see later), the SED is reasonably well described by a blackbody
 v er UV/optical/NIR wavelengths. 
We compare the colour evolution of SN 2019neq with other 

LSNe I with dif ferent e volutionary time-scales. After the initial
early constant phase, the colours of SN 2019neq rapidly evolve 
owards red similar to the fastest-evolving SLSNe I of this sample
see e.g. PTF11rks, SN 2010gx and SN 2020ank; Pastorello et al.
010 ; Inserra et al. 2013 ; Kumar et al. 2020 ). In contrast, colours
f slower evolving SLSNe I redden at a slower pace compared to
he fastest ones; the behaviour of SN 2017gci is odd, but its atypical
olour evolution is likely ascribable to the ∼0.6-mag-wide bumps 
n its LC (Fiore et al. 2021 ). Ho we ver, in all cases SLSNe I display
lue colours around the pre-maximum/early-post-maximum phases 
Pastorello et al. 2010 ; Chomiuk et al. 2011 ; Quimby et al. 2011 ;
eloudas et al. 2012 ; Inserra et al. 2013 ). In particular, at this phase

he rest-frame g − r colour remains almost constant at ∼− 0.25 mag
or every SLSNe I considered in Fig. 7 ; which likely means that the
ED does not significantly evolve. This is true also for SN 2019neq:

o verify whether this behaviour is seen in other colour inde x es, we
xtend the time coverage of the observed photometry by performing 
ynthetic photometry on the spectra (see dotted lines in Fig. 8 ), this
s particularly useful in u band (although the flux calibration of the
pectra is less precise and synthetic-photometry measurements are 
n part extrapolated, see Fig. 8 , right panel). As can be seen in Fig. 8 ,
he initial flattening appears present in u − g and g − z too, although
ery early photometric measurements can be done only in g and r
lters. Subsequently, we see that after ∼30–40 d from the maximum

uminosity the g − r colour curve flattens again. 
The nearly constant initial behaviour of the colour could reflect the

arly photospheric-temperature e volution; ho we ver, due to the lack
f UV data at pre-maximum phases, the initial plateau phase cannot
e fully trusted. Soon after maximum, the photospheric temperature 
MNRAS 527, 6473–6494 (2024) 
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Figure 6. Comparison of three spectra of SN 2019neq with those of other SLSNe at broadly coe v al phases with respect to maximum. The phases are reported in 
square brackets. Line identifications are marked with blue shaded areas and for each of them the corresponding ion is labelled on the top. For the last spectrum 

of SN 2019neq ( + 231 days) we plot both the original and its smoothed version (with a Savitzky-Golay filter, plotted in background). 
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tarts to decline, reaching a new constant value after ∼30 d (similar
o other SLSNe I, see also Nicholl, Guillochon & Berger 2017 ).
nterestingly, at comparable phases, the photospheric radius reaches
 maximum (Fig. 10 ) and then starts to recede: a similar trend of the
hotospheric-radius evolution is described by a simple model (Liu
NRAS 527, 6473–6494 (2024) 
t al. 2018 ) assuming homologous expansion and constant opacity.
o we ver, more detailed calculations of the photospheric radius with
 proper time-varying opacity are needed to constrain the ejecta-
ensity profile of SN 2019neq, and this will be the subject of future
nvestigations. 



The superluminous SN 2019neq 6481 

Figure 7. Rest-frame g − r evolution of SN 2019neq (blue filled dots) 
compared to that of a sample of fast-evolving (blue-edged markers), inter- 
mediate (magenta-edged markers), and slo w-e volving SLSNe I (green-edged 
markers). The solid-blue line joins the rest-frame g − r points computed via 
synthetic photometry on the spectra of SN 2019neq. A color version of the 
figure is available in the online version. 
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6 https:// zenodo.org/ records/ 5578729 . 
7 In the following, we will refer to the ejecta mass in unit of solar masses with 
which SUMO models are computed as M 

SUMO 
ejecta to distinguish them from other 

ejecta-mass estimates. 
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.3 Photospheric velocity 

o estimate the photospheric velocity of SN 2019neq, the minima of
he O I λ 7774 P-Cygni profiles were measured with a Gaussian fit
see Fig. 11 ) after having normalized and continuum-subtracted the 
pectra. These measurements were performed on the spectra at phases 
6 to 80 d with respect to the maximum luminosity. By measuring

he Doppler shift compared to the rest-frame wavelength of the cor- 
esponding maximum, we obtained the expansion velocity. This was 
sed as a proxy for the photospheric velocity (Dessart et al. 2015 ) (see
ig. 12 ). Errorbars were estimated by changing the continuum level 
ultiple times before performing the fit. The comparison between 

he radii deduced from photometry and spectroscopy confirms that 
he O I is a good tracer of the photosphere for SN 2019neq for φ
etween ∼−5 and 18 d, where we inferred an average photospheric 
elocity of ∼ 12500 km s −1 . Overall, the Doppler shift measured with 
espect to the rest-frame wavelength of the emissions corresponds 
o a photospheric velocity v( O I ) ≈ 12500 − 15000 km s −1 . We also 
ompared the photospheric velocities of SN 2019neq with those 
f other SLSNe I whose velocity measurements are available in 
iterature: iPTF13ehe (Yan et al. 2015 ), iPTF15esb (Yan et al. 2017 ),
N 2015bn (Nicholl et al. 2016a ), SN 2017gci (Fiore et al. 2021 ),
nd SN 2018hti (Lin et al. 2020 ; Fiore et al. 2022 ). In addition,
iven the unusually high velocities of SN 2019neq, we included 
n the comparison sample also two SNe Ic BL, namely SN 2003jd
Valenti et al. 2008 ) and SN 2007ru (Sahu et al. 2009 ) (see Fig. 12 ).
he high velocities of SN 2019neq do not seem to be correlated
ith a steeper average velocity gradient compared to slower SLSNe 

 (like SN 2015bn or SN 2018hti), as suggested by Inserra et al.
 2018 ) and K ̈on yv es-T ́oth & Vink ́o ( 2021 ), whereas this remains
rue for iPTF13ehe and iPTF15esb. The same appears to be also 
alid for the SNe Ic BL SN 2007ru and SN 2003jd, the latter
eaching even higher velocities at maximum epochs. We notice 
hat the velocities of SN 2019neq deduced by us are in tension
ith those deduced by K ̈on yv es-T ́oth & Vink ́o ( 2021 ), who measure
 phot � 23000 km s −1 at φ = −4 d. Ho we v er, K ̈on yv es-T ́oth & Vink ́o
 2021 ) used a different method to infer the v phot values: they cross-
orrelated the observed spectra of SN 2019neq with a template 
YN + + spectrum computed with v phot = 10000 km s −1 and found a
elocity difference 
v X . The 
v X values were then used to obtain the
 phot measurements after having applied a correction (see Section 4.1 
nd equations 10, 11 in K ̈on yv es-T ́oth & Vink ́o 2021 ). 

.4 Modelling SN 2019neq 

e used the nebular spectrum of SN 2019neq at 231 d to infer an
stimate of the mass of the oxygen zone of the ejecta. The absolute
ntegrated luminosity emitted within the O I λ 7774 feature can be
sed to infer the O-zone mass (see equations 7,8 of Jerkstrand et al.
017 ). In addition, we used the SUMO models for the nebular spectra 6 

f SNe Ic (Jerkstrand et al. 2017 ). The broad constraint obtained on
he ejecta mass will be used in Section 4.4.2 as prior to fa v our one
f the possible best-fitting bolometric LCs obtained with the MOSFIT 

Guillochon et al. 2017a , b ) tool. For this same SN, K ̈on yv es-T ́oth
t al. ( 2020 ) estimated an ejecta mass of ∼ 23 M � assuming an ejecta
pacity κ = 0 . 1 cm 

2 g −1 . In the following, we will more carefully
nvestigate this comparing the photometric best-fitting value with 
he analysis of nebular spectroscopy. 

.4.1 Neb ular -spectrum modelling 

he SUMO nebular spectra are single-zone models computed for three 
ifferent compositions (pure-O, C-burning ashes and OMg). For each 
omposition, spectra calculations assume a phase of 400 d after the
xplosion, the homologous expansion of the ejecta at a constant 
elocity V = 8000 km s −1 and N = 100 random clumps for different
jecta masses 7 M 

SUMO 
ejecta = 3 , 10 , 30, energy deposition E dep = 2 . 5 ×

0 41 − 2 × 10 42 erg s −1 , and filling factors f = 0.1, 0.01, 0.001. The
lling factor expresses the percentage volume of clumps, hence lower 
 values correspond to more clumped ejecta. 

Before measuring the O I λ 7774 absolute luminosity, we estimated 
he residual contribution of the host-galaxy emission using the host- 
alaxy spectrum adjacent to that of SN 2019neq. Then this was
caled and subtracted from the spectrum of SN 2019neq until the
arrow galaxy emission was remo v ed from the SN spectrum. Then,
e measured an integrated luminosity of the O I λ 7774 line of
 7774 � 2 × 10 40 erg s −1 . Due to the relati vely lo w signal-to-noise

atio between 7000 and 8000 Å, we assume this value as an upper
imit. Similar to the SUMO models, we assumed a maximum velocity
f the fluid elements V = 8000 km s −1 . Aside this parameter, the
nly tunable quantities are the clumping factor f and the electron
raction x e . We computed the O-zone mass for the f values with
hich SUMO models are computed, i.e. f = 0.1, 0.01, 0.001, a phase

rom the explosion of 231 + 24 d = 255 d (see Section 2.2 ) and
e consider a range of x e = 0.05 − 0.1 (this range encompasses

he typical values used in SUMO models; Jerkstrand et al. 2017 ).
esults are shown in Table 2 . The case f = 0.1 leads to very
igh O-zone masses ( M( O) > 100 M �): based on the rapid LC-
volution time-scales, in the following we will not consider this 
ase anymore. The f = 0.01, 0.001 cases allow for lower O-zone
MNRAS 527, 6473–6494 (2024) 

https://zenodo.org/records/5578729


6482 A. Fiore et al. 

M

Figure 8. Left panels: rest-frame colour evolution of SN 2019neq (little dots are photometric points and big dots are obtained from synthetic photometry on the 
observed spectra). Right panel: four representative spectra of SN 2019neq (see Fig. 3 ) within ∼80 d from the maximum luminosity. The dashed curves represent 
the throughput of the u , g , r , i , and z-passband filters. 

Figure 9. Evolution of the photospheric temperature. Blue dots represent 
values obtained integrating over the entire set of multiband photometry avail- 
able, while red dots were obtained using only the UBgVriz bands. The green 
line represents the evolution of the photospheric temperature obtained from 

a blackbody fit to the spectra. A color version of the figure is available in the 
online version. A color version of the figure is available in the online version. 

m  

e  

f  

c

Figure 10. Evolution of the photospheric radius. Dots are colour-coded as 
in Fig. 9 . The green line was obtained using the photospheric velocities 
measured with the spectra. A color version of the figure is available in the 
online version. 
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asses permitted by lower mass ejecta. In addition, our mass
stimates are strongly affected by our assumption on the electron
raction x e , the clumping factor f , and the maximum velocity of the
lumps V . 
NRAS 527, 6473–6494 (2024) 
We then consider SUMO models computed for f = 0.01, 0.001,
 

SUMO 
ejecta = 3 , 10 , 30 for pure-Oxygen, OMg and C-burning abun-

ances, and dif ferent v alues of the energy deposition E dep = 2 ×
0 41 − 2 × 10 42 erg s −1 (see Figs B1 , B2 , B3 , B4 , B5 , and B6 ). [O I ]
eems to be better described by models with M 

SUMO 
ejecta = 10 and f = 0.01
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Figure 11. Normalized and continuum subtracted spectra of SN 2019neq, 
with the photospheric velocity being measured by fitting the minimum of the 
O I λ7774 absorption feature with a Gaussian (black solid lines). 
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Figure 12. Photospheric velocities of SN 2019neq (blue squares) compared 
with those of SN 2003jd (silver diamonds; Valenti et al. 2008 ), SN 2007ru 
(yellow stars; Sahu et al. 2009 ), SN 2011ke (purple diamonds; Inserra et al. 
2013 ), iPTF13ehe (green squares; Yan et al. 2015 ), iPTF15esb (magenta 
diamonds; Yan et al. 2017 ), SN 2015bn (orange dots; Nicholl et al. 2016a ), 
SN 2017gci (green dots; Fiore et al. 2021 ), and SN 2018hti (red dots; Fiore 
et al. 2022 ). A color version of the Figure is available in the online version. 

Table 2. Electron density n e and O-zone mass M ( O ) computed for f = 0.1, 
0.01, 0.001 after having fixed L 7774 = 2 × 10 40 erg s −1 , t = 255 d (here we 
have assumed a rise time of 24 d, see Section 2.2 ) and V = 12500 km s −1 . 
The M ( O ) values in parentheses are computed for x e = 0.1, otherwise for 
x e = 0.05. 

f 0.1 0.01 0.001 

n e (10 8 cm 

−3 ) 1.3 4.1 13 
M( O) [ M �] 122(61) 39(19) 12(6) 
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or higher energy deposition, thus possibly fa v ouring higher values 
f the electron fraction x e . Other models underpredict the [O I ] λ
3 006 364 feature, except the C-burning models with M 

SUMO 
ejecta = 30

nd E dep > 1 × 10 42 erg s −1 . Furthermore, OMg-composition mod- 
ls seem less suitable to explain the O I features seen in the nebular
pectrum of SN 2019neq, in particular for E dep = 2 × 10 41 erg s −1 

see Figs B5 and B6 ). Ho we ver, the temporal discrepancy between the
bserved nebular spectrum of SN 2019neq and the SUMO solutions 
akes the SUMO spectra by a factor (400/255) 3 ∼ 3.9 less dense than

he observed, if ejecta mass and expansion velocity are the same: this
akes their spectral comparisons less rele v ant to discriminate among 

he different ejecta configurations. In addition, we warn the reader 
hat a more careful estimate of the physical parameters of SN 2019neq 
ould need independent constraints to break some degeneracies (e.g. 
etween n e and f or between E in and M ejecta ); this is ho we v er be yond
he scope of this work. 

.4.2 Light-curve modelling 

e modelled the LCs of SN 2019neq to estimate the physical 
arameters of the explosion assuming the magnetar and the ejecta- 
SM interaction. We used the Modular Open Source Fitter for 
ransients ( MOSFIT ) tool (Guillochon et al. 2017a , b ) which offers a
et of modules to fit the observed multicolour LCs for different kind
f transients. For SN 2019neq, we ran MOSFIT using the SLSN and
he CSM modules, computing synthetic LCs powered by magnetar 
pin-down (Kasen & Bildsten 2010 ; Inserra et al. 2013 ) and CSM
Chatzopoulos, Wheeler & Vinko 2012 ) interaction, respectively. We 
xed κ = 0 . 1 cm 

2 g −1 for both models which is suitable for SNe Ic
e.g. Nagy 2018 ). 

The CSM fit was set up adopting a broken power-law ejecta density
rofile as in Chatzopoulos, Wheeler & Vinko ( 2012 ) with fixed
xponents n = 12 and s = 2, suitable for a steady wind-like CSM. A
hell-like CSM ( s = 0) fit is not well constrained by the data, hence we
xcluded it. The s = 0 CSM best-fitting parameters are a CSM mass
f M CSM 

� 0 . 7 M �, a progenitor radius R 0 � 1 . 4 × 10 14 cm , a CSM
ensity ρ � 1 . 8 × 10 −10 g cm 

−3 , an ejecta mass M ejecta � 21 . 9 M �,
n average ejecta velocity v ejecta � 4100 km s −1 and a temperature 
oor T min � 3700 K. This corresponds to a kinetic energy of ∼ 3 . 7 ×
0 51 erg . The ejecta mass for the CSM fit broadly agrees with the
UMO models computed M 

SUMO 
ejecta = 30. The SLSN fit predicts a lower

jecta mass ( ∼ 12 M �), thus in better agreement with SUMO spectra
ith M 

SUMO 
ejecta = 10 − 30. This is especially true for SUMO models

omputed with M 

SUMO 
ejecta = 10 and f = 0.01. To verify whether higher

jecta-mass models return reasonable results, we performed another 
LSN fit, this time fixing an ejecta mass M ejecta = 25 M � and fitting
he opacity: not surprisingly, in this last case the best-fitting opacity
s lower ( κ = 0 . 05 cm 

2 g −1 ), but however reasonable in the case
f H/He-poor events (Nagy 2018 ). Both the κ = 0 . 05 cm 

2 g −1 and
he κ = 0 . 1 cm 

2 g −1 SLSN fits provide ejecta-mass estimates that are
roadly consistent with what can be inferred via the neb ular -spectrum
nterpretation presented in the previous section. The other best-fitting 
arameters for the two SLSN fits are a magnetic field B � 6 × 10 14 G,
n initial spin period P init ∼ 1 . 1 − 1 . 5 ms , a temperature floor T min �
000 K, and an average ejecta velocity v ejecta � 10000 km s −1 . This
MNRAS 527, 6473–6494 (2024) 
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Table 3. MOSFIT CSM physical parameters (the opacity, marked with ( ∗) is a fixed parameter; the other ones are 
best-fitting values). 

M CSM 

[ M �] R 0 (10 14 cm ) ρ ( g cm 

−3 ) M ejecta [ M �] κ ( cm 

2 g −1 ) T min (10 3 K) v ejecta (10 3 km s −1 ) 

0.74 1.36 1.78e-10 21.88 0.1( ∗) 3.73 4.05 

Table 4. MOSFIT SLSN physical parameters (the one with ( ∗) is a fixed parameter, the other ones are best-fitting values). 

B [10 14 G] M NS [ M �] P spin ( ms ) M ejecta [ M �] κ ( cm 

2 g −1 ) T min (10 3 K) v ejecta (10 3 km s −1 ) 

5.98 1.66 1.47 11.75 0.1( ∗) 5.94 10.05 
5.76 1.49 1.01 25( ∗) 0.05 5.96 10.43 

Figure 13. Multicolour synthetic LCs output by MOSFIT SLSN -model. 
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Figure 14. Same as Fig. 14 , but for the CSM -model. 
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orrespond to a kinetic energy of 1 . 3 − 2 . 7 × 10 52 erg . The best-
tting parameters for the CSM and SLSN are listed in Tables 3 and 4
nd the corner plots showing their posterior distributions are shown
n Figs B7 and B8 , respectively. The SLSN and CSM LCs are shown in
igs 13 and 14 and are able to capture the pre-maximum/maximum

uminosity epochs. The early post-maximum photometric detections
n uvm 2 and uvw 2 bands cannot be properly described by both

odels; moreo v er, red and NIR-bands photometric points at a phase
ater than ∼+ 60 d are better described by the CSM fit. Ho we ver,
he UV/NIR photometric co v erage is too scarce to use the previous
rgument as discriminating factors between the two models. We
otice also that the T min and the v ejecta values predicted by the SLSN

odel are in better agreement with the measured data (Figs 9 and
2 ) compared to those predicted in the CSM case. 
Moreo v er, the spectra of SN 2019neq do not display the prominent

arrow/multicomponent emission features seen e. g. in the luminous
ype-IIn SN 2006gy and SN 2006tf (Smith et al. 2007 , 2008 ;
iewe et al. 2012 ). Based on these reasons, we disfa v our the
SM-interaction scenario for SN 2019neq and suggest that a mil-

isecond magnetar endowed with a magnetic field B � 6 × 10 14 G
s the engine driving the observed luminosity of SN 2019neq.
NRAS 527, 6473–6494 (2024) 
SM interaction might have contributed during pre-/post-maximum
pochs and resulted in the possible complexities of the LCs of SN
019neq. Ho we ver, we cannot rule out that more peculiar (e.g.
isc-like) CSM configurations might have reprocessed the UV/X-
ay photons before reaching the photosphere, thus quenching the
arrow/multicomponent line formation (Andrews & Smith 2018 ). 

 C O N C L U S I O N S  

e analysed the spectrophotometric observations of SN 2019neq,
hich is among the fastest evolving SLSNe I ever observed.

ts LCs rise towards maximum in about 24 rest-frame days and
ecline at a ∼2.6 times slower rate. Similar to other SLSNe I, SN
019neq displays approximately constant blue colours during the
re-maximum/maximum epochs. At these phases, the spectra display
-shaped absorptions attributed to O II , and at a phase 16–19 d

emind the spectra of SNe Ic/Ic BL at maximum luminosity. From the
arrow lines attributed to the host galaxy, we inferred a metallicity
 ∼ 0 . 4 Z �, a SFR ∼ 2 . 6 M � yr −1 , and a sSFR of ∼ 2 . 3 Gyr −1 at

he SN site. A late nebular spectrum of SN 2019neq was scaled
n absolute specific luminosity and compared with different models
omputed with the SUMO single-zone, radiative-transfer code desig-
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ated for nebular spectra of SNe Ic; we also used a set of analytical
elations (Jerkstrand et al. 2017 ) to estimate the ejecta O mass. In
ddition, multicolour LCs of SN 2019neq were modelled with the 
OSFIT tool using the CSM and SLSN modules to test the ejecta–
SM interaction and the magnetar scenarios, respectively. Based 
n the best-fitting results and using the inferred nebular properties 
s a broad prior, we conclude that the spin-down radiation of a
illisecond, young magnetar with a magnetic field of ∼6 × 10 14 G 

ikely powered the luminosity of SN 2019neq at around the maximum 

uminosity. Giv en the de generac y between the ejecta mass M ejecta and
he ejecta opacity κ , it is hard to retrieve reasonable estimates, hence
e provide for them the following ranges: M ejecta � 10 − 30 M �

nd κ � 0 . 05 − 0 . 1 cm 

2 g −1 . In addition, we cannot rule out that the
jecta of SN 2019neq have interacted with a previously ejected CSM,
ut either this requires a peculiar CSM topology, or that its contribu-
ion is subdominant in powering the SN around maximum luminosity. 

Due to their rapid photometric evolution, SLSNe I like SN 2019neq 
re challenging to follow up, in particular at nebular epochs. Their
areful study warrants a strong observ ational ef fort which future 
ide-field surv e ys like the Le gac y Surv e y of Space and Time at

he Vera Rubin Observatory (Villar, Nicholl & Berger 2018 ) will 
llow for. In addition, a larger data set is useful to impro v e the
tatistical significance of SLSNe sample studies. These are crucial 
o understand the diversity of SLSNe and to unravel the physical 
easons for their luminous nature. 
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Figure A1. S-corrections for SN 2019neq for the different instrumental 
configurations used for the photometric follow-up of SN 2019neq. 
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PPENDIX  A :  S - C O R R E C T I O N S  A N D  

- C O R R E C T I O N S  

1 S-correction 

s different instrumental setups correspond to different photometric 
ystems, we computed the S-correction (see e.g. Stritzinger et al. 
002 ; Pignata et al. 2004 ; Elias-Rosa et al. 2006 ) to bring back all the
agnitude measurements to a standard system. In this work, we de- 
ne the S-correction as S corr = m s, standard − m s, instr , where m s , standard 

nd m s, instr are synthetic photometry measurements performed on the 
pectra using the instrumental and the standard filter, respectively 
see Fig. A1 ). The S-correction values are secured in Tables C5 , C6 ,
7 , C8 . These were linearly interpolated for the photometric epochs
ot matched by coe v al spectroscopic ones. The S corr values were then
ummed to the measured magnitudes and its statistical dispersion ( �
.01 magnitudes) was propagated in our analysis (see Table C9 ). 
Finally, for the filters where the wavelength range falls at least 

artly outside the spectral co v erage, we computed the S-correction 
s before, but using a blackbody as the spectrum on which synthetic
hotometry was performed. The maximum value for the S-correction 
omputed using a blackbody 
 S corr was e v aluated in two temperature
anges (5000 K < T < 8000 K and 8000 K < T < 12 000 K, see
lso Section 4.2 ) and propagated in our analysis as an additional
ncertainty due to the non-standard instrumental photometric sys- 
ems. 

2 K-correction 

e computed K-corrections to account for the effect of the cosmolog- 
cal redshift on the magnitude measured in the observer frame band- 
ass filters. Similar to S-corrections, we computed the K-corrections 
erforming synthetic magnitudes measurements on the spectra of SN 
019neq (see Section 3 ) via PYSYNPHOT . In detail, for each band-
ass filter, we derived a synthetic magnitude both for the rest-frame
pectrum (for which we computed a synthetic magnitude m s , rest ) and
or the observed one (for which we computed a synthetic magnitude
 s , obs ). For each epoch and filter, the K-correction was computed

s m s , rest − m s , obs . The resulting K-corrections are listed in Table
10 . Similar to the 
 S corr , the K-corrections for the uvw 2, uvm 2,
vw 1, J , H , K s -filter magnitudes were estimated as before but using
lackbody fits to the SED. 
MNRAS 527, 6473–6494 (2024) 
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PPENDIX  B:  F I G U R E S  
NRAS 527, 6473–6494 (2024) 

igure B1. Comparison of the observed nebular spectrum of SN 2019neq (red li
lling factor f = 0.001 for different ejecta masses M 

SUMO 
ejecta = 10 , 30 and different e

abelled in the top-right corner. Solid lines correspond to an energy deposition E dep 

ines to E dep = 1 × 10 42 erg s −1 , dashed lines to E dep = 2 × 10 42 erg s −1 . A color 

Figure B2. Similar to Fig. B1 , but for th
ne) with different SUMO spectra computed for the C-burning model with a 
nergy depositions E dep . Different colours correspond to different M 

SUMO 
ejecta , as 

= 2 . 5 × 10 41 erg s −1 , dotted lines to E dep = 5 × 10 41 erg s −1 , dashed-dotted 
version of the figure is available in the online version. 

e C-burning model and f = 0.01. 
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Figure B3. Similar to Fig. B1 , but for the pure-Oxygen model. 

Figure B4. Similar to Fig. B1 , but for the pure-Oxygen model and f = 0.01. 
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Figure B5. Similar to Fig. B1 , but for the OMg model and M 

SUMO 
ejecta = 30. Here the solid line corresponds to an energy deposition E dep = 2 × 10 41 erg s −1 . 

Figure B6. Similar to Fig. B1 , but for the OMg model, f = 0.01 and M 

SUMO 
ejecta = 30. Here the solid line corresponds to an energy deposition E dep = 2 × 10 41 erg s −1 . 
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Figure B7. Corner plot with the best-fitting parameters of the MOSFIT fit obtained with the SLSN model. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6473/7452888 by Liverpool John M
oores U

niversity user on 07 February 2024
MNRAS 527, 6473–6494 (2024) 



6492 A. Fiore et al. 

M

Figure B8. Same as Fig. B7 , but for the CSM fit. 
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PPENDIX  C :  TA BLES  
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Table C1. uvw 1, uvm 2, uvw 2-filters observed (n
magnitudes (in AB system). Errors are in parent
supplementary material. 

MJD Phase uvw 1 uv
(d) 

58729.66 − 1 .21 17.65 (0.07) 18.26
58732.68 1 .52 17.88 (0.07) 18.44
58734.36 3 .04 18.03 (0.08) 18.52
... ... ... 
on K-corrected, non S-corrected) aperture 
heses. The full table is available online as 

m 2 uvw 2 Instrument 

 (0.07) 18.85 (0.09) Swift /UV O T 

 (0.07) 18.82 (0.09) Swift /UV O T 

 (0.08) 18.95 (0.10) Swift /UV O T 

... ... ... 

uary 2024
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Table C2. u , g , r , i , z-filter observed (non K-corrected, non S-corrected) 
magnitudes (in AB system). Errors are in parentheses. The full table is 
available online as supplementary material. 

MJD Phase u g r i z Instrument 
(d) 

58617.43 − 102 .69 – � 22.39 – – – ZTF 
58644.22 − 78 .47 – � 22.36 – – – ZTF 
58651.21 − 72 .15 – � 20.45 – – – ZTF 
... ... ... ... ... ... ... ... 

Table C3. U , B , V -observed (non K-corrected, non S-corrected) magnitudes 
(in AB system). Swift /UV O T photometry was measured with a 5 arcsec radius 
aperture (see the text). Errors are in parentheses. The full table is available 
online as supplementary material. 

MJD Phase U B V Instrument 
(d) 

58728.51 −2.25 – 17.27 (0.01) 17.15 (0.01) TNT 

58729.07 −1.75 – 17.14 (0.03) 17.16 (0.02) AFOSC 

58729.54 −1.32 – 17.17 (0.01) 17.10 (0.02) TNT 

... ... ... ... ... ... 

Table C4. NIR-observed (non K-corrected) J , H , K magnitudes (in AB 

system). Errors are in parentheses. The full table is available online as 
supplementary material. 

MJD Phase J H K s Instrument 
(d) 

58760.82 26.96 16.95 (0.03) – 18.86 (0.06) NOT + NOTCAM 

58780.45 44.71 18.32 (0.04) 18.81 (0.04) 19.29 (0.07) NOT + NOTCAM 

58803.81 65.84 18.81 (0.07) 19.17 (0.08) 19.19 (0.09) NOT + NOTCAM 

... ... ... ... ... ... 

Table C5. S-corrections for Schmidt and AFOSC filters. The full table is 
available online as supplementary material. 

MJD B g V r i 

58729.05 0 .03 0.01 0.02 0.16 0.07 
58748.49 − 0 .12 0.01 0.04 0.09 0.02 
58724.91 0 .02 0.00 0.02 0.13 0.06 
... ... ... ... ... ... 

Table C6. S-corrections for ALFOSC. The full table is available online as 
supplementary material. 

MJD B g V r i 

58729.05 0 .00 0 .01 0.01 0 .01 −0.01 
58748.49 − 0 .08 − 0 .03 0.02 − 0 .01 −0.03 
58724.91 0 .00 0 .01 0.02 − 0 .01 −0.05 
... ... ... ... ... ... 

Table C7. S-corrections for IO:O filters. The full table is available online as 
supplementary material. 

MJD B g V r i 

58729.05 −0.01 0.00 0.02 0 .00 −0.01 
58748.49 −0.01 0.00 0.02 − 0 .01 −0.03 
58724.91 −0.00 0.01 0.02 − 0 .00 −0.04 
... ... ... ... ... ... 

Table C8. S-corrections for Swift /UV O T filters. The full table is available 
online as supplementary material. 

MJD B V 

58729.05 −0.01 0 .02 
58748.49 −0.00 − 0 .03 
58724.91 −0.01 0 .02 
... ... ... 

Table C9. Estimated uncertainties 
 S corr for the filters u , U , z, J , H , K s (for 
each instrument) divided in two temperature ranges. The full table is available 
online as supplementary material. 

5000 K < T < 8000 K 8000 K < T < 12000 K 

NOT + ALFOSC/NOTCam 
 S corr, u = 0.05 
 S corr, u = 0.15 

 S corr, z = 0.01 
 S corr, z = 0.02 

 S corr, J = 0.1 
 S corr, J = 0.1 

 S corr, H = 0.1 
 S corr, H = 0.1 

S corr, K s = 0 . 1 
S corr, K s = 0 . 1 

... ... ... 
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Table C10. K-corrections expressed in magnitudes. The full table is available online as supplementary material. 

Phase uvw 2 uvm 2 uvw 1 u U B g V r i z J H K s 

maximum (d) filter filter filter filter filter filter filter filter filter filter filter filter filter filter 

−6.07 −0.12 −0.21 −0.22 0.01 −0.15 −0.15 −0.10 −0.15 −0.10 −0.19 0.22 0.25 0.28 0.29 
−1.95 −0.16 −0.26 −0.26 −0.03 −0.15 −0.15 −0.10 −0.15 −0.10 −0.19 0.21 0.25 0.27 0.29 
3.92 −0.16 −0.26 −0.26 −0.03 −0.11 −0.11 −0.09 −0.11 −0.09 −0.17 0.21 0.25 0.27 0.29 
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

Table C11. Logarithm of the bolometric luminosity of SN 2019neq inte- 
grated o v er the uvw 2, uvm 2, uvw 1, U , B , g , V , r , i , z, J , H , K s filters. The full 
table is available online as supplementary material. 

Phase (d) log 10 L bol 

−22.80 43.35 (0.02) 
−22.80 43.35 (0.02) 
−21.80 43.45 (0.02) 
... ... 

Table C12. Spectra in Fig. 3 . 

MJD Phase Instrument Resolution 
(d) ( Å) 

58724.0 −6 ALFOSC [gr4] 15 
58729.0 −2 AFOSC [VPH6 + VPH7] 18 
58734.9 4 ALFOSC [gr4] 19 
58741.9 10 ALFOSC [gr4] 15 
58748.5 16 BFOSC [G4] –
58751.9 19 ALFOSC [gr4] 18 
58765.9 32 ALFOSC [gr4] 15 
58772.8 38 ALFOSC [gr4] 15 
58805.8 68 ALFOSC [gr4] 25 
58819.8 80 OSIRIS [R1000I] 8 
58986.1 231 OSIRIS [R1000R] 9 
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