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A B S T R A C T 

The ultraviolet (UV) and near-infrared (NIR) photometric and optical spectroscopic observations of SN 2020acat co v ering 

∼250 d after explosion are presented here. Using the fast rising photometric observations, spanning from the UV to NIR 

wavelengths, a pseudo-bolometric light curve was constructed and compared to several other well-observed Type IIb supernovae 
(SNe IIb). SN 2020acat displayed a very short rise time reaching a peak luminosity of Log 10 ( L ) = 42 . 49 ± 0 . 17 erg s −1 in 

only ∼14.6 ± 0.3 d. From modelling of the pseudo-bolometric light curve, we estimated a total mass of 56 Ni synthesized by 

SN 2020acat of M Ni = 0.13 ± 0.03 M �, with an ejecta mass of M ej = 2.3 ± 0.4 M � and a kinetic energy of E k = 1.2 ± 0.3 × 10 

51 

erg. The optical spectra of SN 2020acat display hydrogen signatures well into the transitional period ( � 100 d), between the 
photospheric and the nebular phases. The spectra also display a strong feature around 4900 Å that cannot be solely accounted 

for by the presence of the Fe II 5018 line. We suggest that the Fe II feature was augmented by He I 5016 and possibly by the 
presence of N II 5005. From both photometric and spectroscopic analysis, we inferred that the progenitor of SN 2020acat was an 

intermediate-mass compact star with an M ZAMS of 15–20 M �. 

K ey words: supernov ae: general – supernov ae: indi vidual: SN 2020acat. 
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 I N T RO D U C T I O N  

ype IIb supernovae (SNe IIb) belong to a subcategory of stripped
nvelope (SE) core-collapse supernovae (CC-SNe) that result from
he explosion of stars with a zero age main-sequence mass (ZAMS) of
 ZAMS > 8 M � (Smartt 2009 ). Prior to core collapse, the progenitors

f SE-SNe undergo the stripping of their outer envelope leaving either
 thin hydrogen layer, an open helium layer or a bare CO core at the
ime of explosion. The mechanism that remo v es mass from the outer
nvelope is thought to be either mass transfer via interaction with a
ompanion star within a binary system, likely during the common
nvelope phase (e.g. Podsiadlowski, Joss & Hsu 1992 ; Naiman et al.
019 ), or through the ejection of the outer layer by strong stellar
inds from high-metallicity stars during the Wolf–Rayet phase (e.g.
r ̈afener & Vink 2015 ). This presents multiple potential formation

hannels for SE-SNe, resulting from either a binary or a single star
ystem. Yet in recent years it seems that the binary star stripping
echanism has become the fa v oured formation method for SE-SNe.
he distribution of ejecta mass derived from modelling of SE-SNe

ight curves has also been found to lie outside the range of ejecta
asses based on exploding single star models (Lyman et al. 2016 ;
rentice et al. 2019 ). It has been suggested that the stellar winds
 E-mail: k.medler@2019.ljmu.ac.uk 
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redicted for the single star formation channel would not be able to
ccount for the current observed rate of SE-SNe (Smith et al. 2011 ).
s well as requiring the strong stellar winds, the high initial mass
eeded for the single star formation channel is strongly disfa v oured
y the stellar initial mass function (Smith et al. 2011 ). Along with
he problems of low number of high-mass stars, analysis of a galactic
ample of high-mass stars suggest that at least ∼ 70 per cent of these
tars exist in interacting binary systems (Sana et al. 2012 ), further
ecreasing the amount of high-mass stars available for the single
tar formation channel. The explodability of single stars has also
een discussed in recent years, with many finding that models for
he highest mass progenitors fail to fully explode as an SE-SNe,
ollapsing directly into a black hole with either a faint or non-existent
ransient (O’Connor & Ott 2011 ; Zapartas et al. 2021 ). All of which
oints in the direction that the majority of SE-SNe originate from
inary systems, rather than from single high-mass progenitors. 
The various classifications of SE-SNe arise from progenitor

tars that have undergone drastically different degrees of stripping
rior to collapse, and display a large variety of spectral signatures
hroughout their evolution. If all or the majority of hydrogen is
emo v ed from the outer envelope, an H-poor SN Ib/c will occur.
s a consequence, SNe Ib/c lack any prominent hydrogen features
ithin their spectral evolution, and are dominated by helium and
eavier elements. Ho we ver, if there remains a significant mass of
ydrogen, between 0.001 and 0.5 M � (Yoon, Dessart & Clocchiatti
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Figure 1. ugriz combined image of SN 2020acat (black) and surrounding 
standard stars (red), taken on December 22, 2020 during peak light using the 
Liverpool Telescope. The standard stars were used to calibrate the LT ugriz 
photometry. 
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017 ; Sravan, Marchant & Kalogera 2019 ), an SN IIb will occur.
ecently, it has been suggested that the lower limit to the mass of
ydrogen for SN IIb is higher than previously thought, with a lower
imit of M H ≈ 0.033 M � (Hachinger et al. 2012 ; Gilkis & Arcavi
022 ). Due to the presence of a thin hydrogen shell prior to core
ollapse, SNe IIb display strong hydrogen features in their spectra 
uring the photospheric phase, with the H α and H β lines being 
he most prominent features during this phase, along with several 
trong helium lines. The hydrogen features in SNe IIb fade o v er time
ntil the spectra become SN Ib-like (Filippenko 2000 ). During the 
ost-peak evolution, helium features start to dominate the spectra 
ntil the event transitions into the nebular phase, when oxygen 
ines become the strongest features within the spectra, along with 
everal iron-group elements. The first SNe to display the signatures 
f a progenitor that possessed a thin hydrogen shell prior to core-
ollapse were SN 1987K (Fransson & Che v alier 1989 ) and SN 1993J
Woosley et al. 1994 ), with the latter becoming the template for the
Ne IIb classification. 
SNe IIb have a similar bolometric light-curve shape to SNe Ib. 

espite their similar shape, SNe IIb tend to have on average a lower
eak luminosity implying that SNe IIb produce a lower amount of
6 Ni (Prentice et al. 2019 ). Several SNe IIb and SNe Ib display an
nitial very bright peak several days before the main 56 Ni powered 
eak. This initial luminous peak is thought to result from the 
hock breakout on the stellar surface. As such, the shock breakout 
hase of the bolometric light curve contains vital information on 
he compactness of the progenitor prior to core-collapse. Both the 
resence and lack of any observed shock-cooling phase, especially 
f the SN is caught very early, can provide details on the type of
rogenitor. This shock-cooling tail was seen in SN 1993J (Wheeler 
t al. 1993 ), SN 2008D (Malesani et al. 2009 ), SN 2011fu (Morales-
aroffolo et al. 2015 ), SN 2013df (Morales-Garoffolo et al. 2014 ),

nd SN 2016gkg (Bersten et al. 2018 ), although not all SE-SNe
isplay evidence of this shock-cooling tail such as with SN 2008ax 
Roming et al. 2009 ). 

In this paper, we present the ultraviolet (UV), optical, and near- 
nfrared (NIR) observations of the SN IIb 2020acat. Photometric 
o v erage includes UV–NIR observations, while the spectra co v er
he optical observations. In Section 2 , we discuss the distance and
eddening associated with the host galaxy of SN 2020acat, along with 
he explosion date. In Section 3 , we present the acquisition of the UV–
IR photometric data and the spectral evolution of SN 2020acat. In
ection 4 , we discuss evolution of the UV − NIR photometric bands,
long with the fast rising pseudo-bolometric light curve and the 
erived physical parameters of SN 2020acat, as well as comparisons 
ith other SNe IIb. Then, in Section 5 , we examine the spectroscopic

volution of SN 2020acat within the photospheric, transitional, and 
arly nebular phases, including the line velocity of the H α, H β,
e I 5867, and Fe II 5018. We also compare the optical spectra of
N 2020acat with those of other well-observed SNe IIb. We then 
nalyse the late time spectra and place constraints on the mass
f oxygen synthesized by SN 2020acat. Finally, in Section 6 , we
ummarize our analysis of SN 2020acat. 

 H O S T  G A L A X Y  A N D  EXPLOSION  DATE  

N 2020acat was disco v ered in the galaxy PGC037027 (Sri v astav
t al. 2020 ), a W 1 = 14.50 ± 0.03 mag galaxy (Cutri et al.
013 ), at a redshift of z = 0.007 932 ± 0.000 150. SN 2020acat
as located 26.70 arcsec south and 19.90 arcsec west of the Galac-

ic Centre, at a projected distance of ∼5.7 kpc. Fig. 1 shows
he location of SN 2020acat and the surrounding stars that were 
sed for photometric calibration. Using the NASA/IPAC Ex- 
ragalactic Database (NED 

1 ) default cosmology of H 0 = 73 . 0 ±
 kms −1 Mpc −1 , �matter = 0 . 27 , and �vacc = 0 . 73 (Spergel et al.
007 ), the host galaxy distance was found to be 35 . 3 ± 4 . 4 Mpc ,
erived from the model based on the local velocity field given in
ould et al. ( 2000 ) using the terms for the influence of the Virgo
luster, the Great Attractor, and the Shapley Supercluster. The error 
ssociated with the distance modulus accounts for the error from the
elocity field correction. An additional uncertainty on the distance 
s included relating to the low redshift of SN 2020acat, placing the
ost galaxy outside the Hubble flow regime. This uncertainty is of
he order of 10 per cent for SN 2020acat that arises from the peculiar
elocity of the host galaxy and has been added in quadrature to the
istance error. From the host galaxy distance, the implied distance 
odulus for SN 2020acat is m − M = 32.74 ± 0.27 mag. 
The line of sight dust extinction of the host galaxy, E ( B − V ) host ,

ssociated with SN 2020acat, is expected to be negligible. No strong,
arrow interstellar Na I D lines were detected at the redshift of the
ost galaxy; see Section 5 . This lack of strong Na I D lines, along
ith the position of SN 2020acat relative to its host galaxy, implies

hat E ( B − V ) host is negligible. The Milky Way (MW) extinction,
 ( B − V ) MW 

, takes a value of E ( B − V ) MW 

= 0.0207 ± 0.0004
ag, derived from the Schlafly & Finkbeiner ( 2011 ) dust map. Thus,
e assume a total extinction for SN 2020acat to be E ( B − V ) tot =
.0207 ± 0.0004 mag. 
The first detection of SN 2020acat, taken on MJD = 59192.65

December 9, 2020), occurred almost exactly 2 d after that last non-
etection taken by the Asteroid Terrestrial-impact Last Alert System 

ATLAS; Tonry et al. 2018 ; Smith et al. 2020 ) on MJD = 59190.61
December 7, 2020). This last non-detection had a limiting magnitude 
f 19.33 mag in the ATLAS o -band, approximately ∼0.78 mag
immer than the initial observation. The last non-detection places a 
MNRAS 513, 5540–5558 (2022) 
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M

Figure 2. UV–NIR photometric observations of SN 2020acat, with phase relative to explosion date (MJD = 59192.01) and given in the rest frame. Each 
photometric band is given a marker signifying its location on the electromagnetic spectrum; UV = square, optical = circle, and NIR = crosses. All photometric 
band limits are given by the solid triangles, with optical band limits having black outlines. Additionally, the ATLAS bands are given by the coloured diamonds 
with the black outline and are separate from the other optical bands due to the broad nature of the ATLAS filters. 
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trong constraint on the explosion date and suggests that SN 2020acat
as caught very early. From fitting the pseudo-bolometric light curve

see Section 4.3 ), an explosion date of MJD = 59192.01 ± 0.14 was
etermined. This estimate is taken as the explosion date throughout
his work. 

 DATA  AC QU ISITION  

.1 Photometry 

hotometry of SN 2020acat was obtained in the UV ( UVW 2, UVM 2,
VW 1, u , U ), optical ( BgVriz ), and NIR ( JHK ) photometric bands,
isplayed in Fig. 2 along with the ATLAS c + o bands. SN 2020acat
as initially detected by ATLAS on MJD = 59192.65 (December
, 2020), and followed in the ATLAS c + o bands for ∼210 d.
dditional optical follow-up of SN 2020acat in the BgVriz bands
as obtained from several telescopes o v er the campaign lasting
230 d. These telescopes include the 2.0-m Liverpool Telescope

LT; Steele et al. 2004 ), the 2.56-m Nordic Optical Telescope with
he Alhambra Faint Object Spectrograph and Camera (ALFOSC)
nd the 1.82-m Copernico Asiago Telescope (CT) with AFOSC.
dditional photometry was provided by the Palomar 1.2-m Samuel
schin telescope using the Zwicky Transient Facility camera (ZTF-

am; Bellm et al. 2018 ), the 67/92-cm Schmidt telescope at the Cima
kar Observing Station and several telescopes as part of the Las
umbres Observatory (Las Cumbres; Brown et al. 2013 ) through the
lobal Supernova Project (GSP; Howell 2019 ). All data reduction
as done by automatic pipelines associated with each telescope
roup, with photometric magnitudes obtained through point spread
unction (PSF) photometry. UV photometry of SN2020acat was
btained by the Neil Gehrels Swift Observatory ( Swift ; Roming
t al. 2005 ) between December 11, 2020 and April 28, 2021. The
V O T data were reduced using the standard pipeline available in
NRAS 513, 5540–5558 (2022) 
he HEASOFT software package 2 using the latest version of CALDB .
bservation of every epoch was conducted using one or several
rbits. To impro v e the signal-to-noise ratio (S/N) of the observation
n a given band in a particular epoch, all orbit-dates were co-added for
hat corresponding epoch using the HEASOFT routine uvotimsum .
he routine uvotdetect was also used to determine the correct
osition of the transient (which is consistent with the ground-
ased optical observations) and used the routine uvotsource
o measure the apparent magnitude of SN 2020acat by performing
perture photometry. For source extraction, a small aperture of radius
.5 arcsec was used, while an aperture of radius 100 arcsec have been
sed to determine the background. The SN is located at the outskirts
f its host, implying a negligible host contribution in the NUV bands.
oreo v er, as a small aperture has been used to extract the flux at

he SN location, considerable host contribution is also not expected
n the Swift optical (‘U,B,V’) bands. The NIR photometry was
btained by the 2.56-m Nordic Optical Telescope (NOT; Djupvik &
ndersen 2010 ) equipped with NOTCAM through the NOT Unbi-

sed Transient Surv e y 2 (NUTS2) and the 3.58-m New Technology
elescope (NTT; Wilson 1983 ) through the ESO Spectroscopic
urv e y for Transient Objects (ePESSTO + ; Smartt et al. 2015 )
ith SOFI (Moorwood, Cuby & Lidman 1998 ). All photometry
ave been corrected for reddening, although host galaxy image
ubtractions were not performed. The host galaxy of SN 2020acat
acked UV and optical observations prior to SN 2020acat making
ost subtraction not possible until after SN 2020acat has fully faded.
o we ver, this lack of host galaxy subtractions is not expected

o affect the photometry of SN 2020acat due to its distance from
alactic centre. 
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.2 Spectroscopy 

N 2020acat was classified as an SN IIb on MJD = 59193.31
December 10, 2020; Pessi et al. 2020 ) using the spectrum obtained
y ePESSTO + using the ESO Faint Object Spectrograph and 
amera (EFOSC2; Buzzoni et al. 1984 ) mounted on the NTT. The
lassification spectrum was obtained ∼1.3 d after the explosion. 
urther optical spectroscopic observations of SN 2020acat were ob- 

ained from ePESSTO + using EFOSC2 with the NTT. Spectroscopic 
bservations from ePESSTO + were obtained with the blue grism, 
r11 (3380–7520 Å), and the red grism, gr16 (6015–10 320 Å).
hese EFOSC2 spectra were combined to form a single spectrum at 
ach epoch with full optical co v erage. Sev eral additional spectra were 
btained during the evolution of SN 2020acat using the Spectrograph 
or the Rapid Acquisition of Transients (SPRAT; Piascik et al. 
014 ) mounted on the LT, the Supernova Integral Field Spectrograph 
SNIFS; Lantz et al. 2004 ) camera mounted on the Hawaii-based 
H88 telescope and via the NUTS2 programme using the ALFOSC 

ounted on NOT using grism 4. Further spectra were obtained 
hrough Las Cumbres using the FLOYDS spectrographs mounted 
n the 2 m Faulkes Telescope South (FTS) and the 2-m Faulkes Tele-
cope North (FTN), based at the Siding Spring Observatory (COJ) 
nd the Haleakala Observatory (OGG), respectively. Spectra were 
lso obtained using the 1.82-m Copernico telescope using AFOSC, 
ith both the VPH7 and VPH6 grisms. All spectra were reduced in

he standard procedure for each telescope. The spectroscopic follow- 
p campaign lasted for ∼230 d before SN 2020acat was no longer
bserv able. The spectroscopic e volution of SN 2020acat is shown in
ig. 3 , with the details on the spectroscopic observ ations gi ven in
able 1 . 

 PH OTOM ETRY  ANALYSIS  

.1 UV–NIR light cur v es 

he UV bands of SN 2020acat were only followed for ∼135 d before
ecoming too dim to observe. While the optical bands were followed 
or a total of ∼250 d, with the NIR bands being observed a few times
hroughout the follow-up campaign. The rise of the UV and optical 
ight curves was observed with a fast cadence. The close proximity 
f initial observation and the last non-detection, along with the depth 
f the limit in the ATLAS o band, argues against the possibility of
 long-duration shock-cooling phase occurring prior to the observe 
ise, such as those seen in SN 1993J (Lewis et al. 1994 ), SN 2011dh
Arcavi et al. 2011 ) or SN 2016gkg (Arcavi et al. 2017 ). The lack of a
ong duration shock-cooling tail was also confirmed by the UV bands, 
hich commonly show the cooling tail if it is indeed present. The
V bands of SN 2020acat, first observed ∼2.5 d after the estimated
 xplosion date, lack an y deviation from the fast rise seen in the other
edder bands, strongly implying a lack an extended shock-cooling 
ail. 

The peaks of all but the NIR bands were well observed, allowing
onstraints to be placed on the epoch of maximum brightness and 
he value for peak magnitude in each band. The epoch of peak
rightness in each band, t peak , along with the rise time, peak apparent
nd absolute magnitudes are given in Table 2 . The values of t peak 

ere determined by fitting a cubic spline to the each bands light
urves around peak time. The error associated with the peak time is
 combination of the error from the explosion date and the fitting of
he cube spline. Unfortunately, the reduced number of observations 
n the z band around maximum light resulted in the value of t peak 

aving a greater error than the other bands. It should be noted that,
ue to the lack of any JHK -band data around peak time, a spline
ould not be fitted without placing an extremely large uncertainty to
he epochs of maximum light. 

SN 2020acat has an incredibly fast rise time for an SNe IIb, with
he UV bands peaking in ∼10 d, while the optical bands peaking
n ∼14–22 d. This is faster than the average SNe IIb that reaches
 peak in the UV bands in � 15 d, with the optical bands reach
eak in � 20 d, as seen with SN 2008ax (Roming et al. 2009 ) and
N 2011dh (Marion et al. 2014 ). The UV bands also display a very
ast decline once they reach peak light, with an average decline
n magnitude o v er the first 15 d from peak brightness, � m 15 , of
m 

UV 
15 = 2 . 35 ± 0 . 04 mag. While the average � m 15 for the optical

ands was �m 

opt 

15 = 0 . 77 ± 0 . 24 mag, suggesting that the ejecta of
N 2020acat rapidly expanded and cooled scattering the light to 

ower energy bands. When compared to the � m 15 of 10 SNe IIb,
ith an average optical band decline of �m 

opt 

15 = 0 . 92 ± 0 . 22 mag
Taddia et al. 2018 ), SN 2020acat declined in brightness at a slightly
lower rate remaining brighter for longer. The B band of SN 2020acat
ad a rise time of B t r = 15 . 18 ± 0 . 75 d, roughly 4 d faster than
or SN 1993J ( B t r = 18 . 97 d; Richmond et al. 1994 ), SN 2008ax
 B t r = 18 . 9 d; Pastorello et al. 2008 ), SN 2011dh ( B t r = 19 . 6 d; Sahu,
nupama & Chakradhari 2013 ), and SN 2011fu ( B t r = 23 . 23 d;
umar et al. 2013 ). Interestingly, the B -band rise time of SN 2020acat

ies between the B t r values of SNe II ( B t r = 8 . 3 ± 2 . 0 d) and SNe IIb
 B t r = 19 . 0 ± 1 . 8 d) found by Pessi et al. ( 2019 ), suggesting that
N 2020acat was an outlier in the hydrogen-rich SE-SNe group and
ay have been a transitional event between the standard SNe II and
Ne IIb. The short rise time also places a strong constraint on the
 xistence of an y possible shock-cooling tail, a feature associated
ith progenitors that lack an extended radii, as was seen with
ydrodynamical models (Bersten et al. 2012 ). 

.2 Colour evolution 

he ( UVW 2 − V ), ( UVM 2 − V ), ( UVW 1 − V ), ( U − B ), ( B − V ),
 g − r ) ( r − i ), and ( i − z) colours of SN 2020acat are given in
ig. 4 . For the ( U − B ) evolution, additional data were added using

he ( u − g ) and ( B − V ) colours that form a relation with ( U − B ),
s given by Jordi, Grebel & Ammon ( 2006 ), of 

 U − B) = 

( u − g) − (0 . 770 ± 0 . 05)( B − V ) − (0 . 72 ± 0 . 04) 

(0 . 75 ± 0 . 05) 
. (1) 

It should be noted that equation ( 1 ) makes use of stellar colours
o determine the relation parameters between the U - and B -bands.
o we ver, when the colours derived from equation ( 1 ) were compared

o the values of ( U − B ) obtained from photometry there was little
ppreciable difference between the derived colour evolutions. 

The colours obtained from the UV and optical photometry of 
N 2020acat were all fit with a combination of a Gaussian function,

o follow the initial decline and rise seen within the first few weeks,
nd a linear decay function, which fits to the late time colour decline
nd assumes a constant decline after the initial red peak around day
35. The evolution function is shown as a solid black line in Fig. 4 .
ther SNe were not fit with the evolution function as they either did
ot follow the initial decline seen in SN 2020acat or lacked enough
hotometric data to fit the evolution function. 
Initially, the colours of SN 2020acat start relatively red and rapidly

ecome bluer within the first two weeks, reaching minima at around
ay ∼10–15. After this blue minima, the colours evolve redward until
hey peak at ∼35–45 d. The fast reddening seen during the weeks
fter the blue minima results from the cooling of the expanding ejecta
nd the shift in the peak of the blackbody emission to the redder
MNRAS 513, 5540–5558 (2022) 
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Figure 3. Spectroscopic evolution of SN 2020acat. Flux is normalized to the H α feature or the peak of the O I λλ6300, 6363 feature depending on what was 
stronger at the time of observation. See Table 1 for the details on each spectrum. The phase of spectra is given on the left-hand side. Both the hydrogen (black) 
and main optical helium (green) lines are given by the dashed lines at their rest wavelength, along with the telluric features that are denoted by the grey regions. 
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Table 1. Information on spectroscopic follow-up campaign for SN 2020acat. 

Spectrum Epoch Observation date Telescope a Range 
(d) ( UT ) ( Å) 

1 1.29 07:21:47 10/12/20 NTT 3323–7406 
2 1.56 13:56:22 10/12/20 LasC α 3470–9921 
3 2.56 14:13:23 11/12/20 LasC α 3470–9922 
4 3.23 06:20:02 12/12/20 LT 3988–7931 
5 3.52 13:23:36 12/12/20 UH88 3376–9028 
6 5.17 05:20:31 14/12/20 LT 3988–7931 
7 6.23 06:59:30 15/12/20 NTT 3323–9910 
8 6.53 14:12:06 15/12/20 LasC α 3471–9921 
9 8.46 12:54:15 17/12/20 LasC α 3470–9921 
10 9.12 04:51:08 18/12/20 LT 3988–7931 
11 9.41 11:53:10 18/12/20 NOT 3370–9600 
12 11.31 09:51:05 20/12/20 NOT 3371–9580 
13 12.09 04:47:46 21/12/20 LT 3988–7931 
14 13.20 07:34:23 22/12/20 NTT 3323–9910 
15 14.35 11:25:59 23/12/20 NOT 3751–9556 
16 15.54 16:06:27 24/12/20 LasC β 3769–9922 
17 20.00 03:57:18 29/12/20 LT 3988–7931 
18 20.42 14:18:10 29/12/20 UH88 3376–9028 
19 22.33 12:35:17 31/12/20 LasC α 3767–9922 
20 24.24 10:30:45 02/01/21 NOT 3473–9612 
21 25.33 12:54:04 03/01/21 UH88 3376–9028 
22 26.07 06:54:28 04/01/21 NTT 3323–9910 
23 29.38 14:46:34 07/01/21 LasC α 3471–9921 
24 30.04 06:56:26 08/01/21 NTT 3323–9910 
25 33.31 13:54:24 11/01/21 UH88 3518–9019 
26 35.96 06:05:24 14/01/21 NTT 3323–9910 
27 36.31 14:31:12 14/01/21 LasC β 3471–9922 
28 40.15 11:34:23 18/01/21 ASI 3374–9610 
29 40.91 05:54:07 19/01/21 NTT 3323–9910 
30 47.04 10:09:25 25/01/21 NOT 3372–9615 
31 50.87 06:53:36 29/01/21 NTT 3325–9911 
32 57.08 12:59:24 04/02/21 UH88 3369–9010 
33 57.81 06:40:43 05/02/21 NTT 3325–9912 
34 59.12 14:29:24 06/02/21 LasC β 3471–9921 
35 61.10 14:11:41 08/02/21 LasC β 3469–9922 
36 61.99 11:50:35 09/02/21 NOT 3371–9601 
37 63.81 07:52:36 11/02/21 NTT 3325–9911 
38 68.71 06:16:37 16/02/21 NTT 3323–9910 
39 75.73 08:17:39 23/02/21 NTT 3327–9911 
40 80.09 17:49:21 27/02/21 LasC β 3470–9921 
41 84.60 06:41:28 04/03/21 NTT 3331–9911 
42 87.95 15:46:53 07/03/21 LasC β 3471–9920 
43 96.16 10:15:06 16/03/21 ASI 3124–9224 
44 99.66 11:03:20 19/03/21 LasC α 3470–9921 
45 103.39 05:12:08 23/03/21 NTT 3327–9911 
46 107.65 12:14:05 27/03/21 LasC β 3767–9922 
47 115.64 13:37:24 04/04/21 LasC β 3768–9922 
48 117.04 23:23:00 05/04/21 NOT 3376–9611 
49 122.18 03:45:14 11/04/21 NTT 3327–9911 
50 129.23 06:23:16 18/04/21 NTT 3323–9910 
51 129.48 12:24:11 18/04/21 LasC β 3470–9922 
52 148.17 08:26:10 07/05/21 NOT 3370–9600 
53 152.93 03:40:55 12/05/21 NTT 3318–9904 
54 171.17 12:54:07 30/05/21 NOT 3373–9611 
55 177.03 10:27:00 05/06/21 LasC β 3471–9922 
56 197.83 09:42:37 26/06/21 NOT 3373–9569 
57 233.62 11:30:24 01/08/21 NTT 3319–9910 

Notes . The epochs are relative to the explosion date (MJD = 59192.01) and 
are given in the rest frame. Wavelength range is also given in the rest frame. 
a Telescope and instrument; 1. NTT = NTT using EFOSC2; 2. LasC = α: 
FTS using FLOYDS, β: FTN using FLOYDS; 3. LT = LT using SPRAT; 
4. NOT = NOT using ALFOSC; 5. UH88 = UH88 using SNIFS; 6. ASI = CT 

using AFOSC. 

Table 2. Peak time, rise times, and both apparent and absolute peak 
magnitudes for the UV–optical photometry bands for SN 2020acat. 

Band t peak Rise time ( t r ) m peak M peak 

(MJD) (d) (mag) (mag) 

UVW 2 59202.20 ± 0.64 10.19 ± 0.40 18.20 ± 0.03 −14.72 ± 0.05 
UVM 2 59202.36 ± 0.64 10.35 ± 0.40 18.09 ± 0.04 −14.84 ± 0.05 
UVW 1 59203.54 ± 0.66 11.53 ± 0.42 17.32 ± 0.03 −15.64 ± 0.06 
u 59204.77 ± 0.47 12.76 ± 0.20 15.89 ± 0.02 −16.95 ± 0.04 
U 59204.88 ± 0.66 12.87 ± 0.41 15.83 ± 0.02 −17.01 ± 0.06 
B 59207.19 ± 0.88 15.18 ± 0.75 15.42 ± 0.04 −17.40 ± 0.11 
g 59208.06 ± 0.92 16.05 ± 0.82 15.16 ± 0.01 −17.65 ± 0.12 
V 59208.65 ± 0.85 16.64 ± 0.71 15.18 ± 0.01 −17.62 ± 0.11 
r 59210.20 ± 0.88 18.19 ± 0.75 15.09 ± 0.01 −17.70 ± 0.12 
i 59212.17 ± 1.10 20.16 ± 1.18 15.14 ± 0.01 −17.64 ± 0.11 
z 59213.09 ± 1.53 21.08 ± 2.29 15.23 ± 0.05 −17.44 ± 0.05 

Notes . The rise times are given in the rest frame. The NIR bands ( JHK ) have 
insufficient data around peak and are excluded. 
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ands. The reddening is also a result of line blanketing brought
bout by iron-group elements within the inner ejecta. Once the red
eak is reached, all colours slowly decline o v er the ne xt ∼135 d. This
ecline is expected as the ejecta became optically thin after ∼40 d
llowing for trapped photons to escape the inner ejecta. The ( U −
 ) colour declines at a much faster rate, ∼0.007 mag d −1 , compared

o the other colours, with the ( B − V ), ( g − r ), and ( r − i ) having a
ecline of ∼0.004, ∼0.002, and ∼0.003 mag per day , respectively .
hile the ( U − B ) and ( B − V ) colours follow a smooth decline

t the late time ( t > 150 d), both the ( g − r ) and ( r − i ) colours
iverge from a linear decline. The ( g − r ) colour starts to rapidly
row redder, while the ( r − i ) colour evolution seems to rise at a
lower pace. At this time, the effect of blackbody radiation has fully
aded from the colour evolution and the reddening effect seen in
oth the ( g − r ) and ( r − i ) colours is likely brought about by the
mergence of the oxygen λλ6300, 6363 and calcium λλ7292, 7324 
ines that dominate the spectra at this epoch. These emission lines
oughly correspond to the central wavelengths of the r- and i -bands
nd dominate the contribution to the total flux in each band, thus
rastically increasing the strength of these bands relative to the other
hotometric bands. 
The multiband colour evolution of SN 2020acat is compared to 

hose of SN 1993J (Richmond et al. 1994 , 1996 ; Barbon et al.
995 ), SN 2008ax (Pastorello et al. 2008 ; Tsvetkov et al. 2009 ;
aubenberger et al. 2011 ), SN 2011dh (Tsv etko v et al. 2012 ; Sahu
t al. 2013 ; Brown et al. 2014 ; Ergon et al. 2014 ), and SN 2016gkg
Brown et al. 2014 ; Arcavi et al. 2017 ; Bersten et al. 2018 ).
hese SNe IIb were chosen as comparison objects for SN 2020acat
s they all possess comprehensive photometric and spectroscopic 
ata around peak time, as well as into the late time when the
ydrogen features have faded. The thoroughly documented nature 
f these events mean they have well-kno wn properties, allo wing a
omprehensive comparison between the results obtained from the 
rnett-like model described below and the literature values. This 

s used as a test to validate the model used and thus the results
btained for SN 2020acat. The colour evolutions of these SNe IIb are
lso given in Fig. 4 , with details on each SN IIb given in Table 3 .
 or sev eral SNe, only Johnson–Cousins photometric bands were 
vailable for the redder ( r – i ) bands, such as SN 1993J. For these
Ne, a conversion to Sloan Digital Sky Survey (SDSS) red bands
as done using equation ( 2 ) and ( 3 ) also from Jordi et al. ( 2006 ): 

 g − r) = (1 . 646 ± 0 . 008)( V − R) − (0 . 139 ± 0 . 004) (2) 
MNRAS 513, 5540–5558 (2022) 
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Figure 4. The ( UVW 2 − V ), ( UVM 2 − V ), ( UVW 1 − V ), ( U − B ), ( B − V ), ( g − r ), ( r − i ), and ( i − z) colours of SN 2020acat (black) compared to the colours 
of SN 1993J (red), SN 2008ax (orange), SN 2011dh (green), SN 2011fu (cyan), SN 2013df (magenta), SN 2016gkg (blue). The colours of SN 2020acat were fit 
with a decay function (black line) that assumes a linear decline at late times, � 35–45 d. All SNe colours are given in the rest frame. 

Table 3. Details for the SNe IIb that are compared with SN 2020acat. 

SN Explosion Redshift Distance E ( B − V ) MW 

E ( B − V ) Host Source 
date (MJD) (Mpc) (mag) (mag) 

1993J 49072.0 − 0 .001 13 2 .9 0 .069 0 .11 1,2,3 
2008ax 54528.8 0 .004 56 20 .25 0 .022 0 .278 4,5 
2011dh 55712.5 0 .001 638 7 .80 0 .035 0 .05 6,7,9 
2011fu 55824.5 0 .001 845 74 .5 0 .068 0 .035 8 
2013df 56447.8 0 .002 39 21 .4 0 .017 0 .081 10,11 
2016gkg 57651.2 0 .0049 21 .8 0 .0166 0 .09 12,13 
2020acat 59192.01 0 .007 932 35 .32 0 .0207 – –

Notes . 1. Richmond et al. ( 1994 ), 2. Barbon et al. ( 1995 ), 3. Richmond et al. ( 1996 ), 
4. Pastorello et al. ( 2008 ), 5. Tsv etko v et al. ( 2009 ) 6. Tsv etko v et al. ( 2012 ), 7. 
Sahu et al. ( 2013 ), 8. Kumar et al. ( 2013 ), 9. Brown et al. ( 2014 ), 10. Morales- 
Garoffolo et al. ( 2014 ), 11. Dyk et al. ( 2014 ), 12. Arcavi et al. ( 2017 ), 13. Bersten 
et al. ( 2018 ). 
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nd 

 r − i) = (1 . 007 ± 0 . 005)( R − I ) − (0 . 236 ± 0 . 003) . (3) 

As with equation ( 1 ), it should be noted that the colours derived
rom equation ( 2 ) and equation ( 3 ) make use of stellar colours and
hould be taken as a way of obtaining the trend of colour evolution’s
or SNe that lack SDSS photometric bands. 

While a comprehensive comparison of the colour evolution’s of
N 2020acat can be done with the majority of the optical bands, the
ame cannot be said for the UV colours and the ( i − z) evolution. This
s due to the lack of UV - and z-band data for several of these SNe.
he colour evolution of SN 2020acat initially follows the same trend
s SN 2008ax, displaying an initial decline to a bluer colour before
ising to a red peak within approximately four weeks of the explosion.
his is expected for SNe that lack detection of a strong shock-cooling

ail that is shown as an initial very blue colour before becoming
edder, such as SN 1993J. After the red maximum at approximately
our weeks post-explosion, the colours of SN 2020acat follow the
hape of SN 1993J and SN 2011dh, which both display a decline for
NRAS 513, 5540–5558 (2022) 
everal months before changing slope, although the rate of decline of
N 2020acat is much slower than the other SNe. At around ∼140–
50 d after e xplosion sev eral SNe, including SN 2020acat, diverge
rom a linear decay in the ( g − r ) and ( r − i ) bands. The ( g − r )
olour of SN 2008ax also displays this increase, although the rise is
t a much slower pace compared to both SN 1993J and SN 2020acat.
he ( r − i ) colour evolution of SN 2020acat is quite similar to both
N 1993J and SN2011fu in the decline phase. Interestingly, the shape
f the ( i − z) colour evolution of SN 2020acat is very similar to that
f SN 2011dh, despite the clear differences seen in the bluer colours.
lthough the o v erall ( i − z) colour of SN 2020acat is redder than that
f SN 2011dh and reaches the blue minima ∼10 d before SN 2011dh.

.3 Bolometric light cur v e 

 pseudo-bolometric light curve was constructed using the UV −
IR photometric bands in order to obtain the physical parameters
f SN 2020acat. The pseudo-bolometric light curve was constructed
y integrating the flux of the UV – NIR bands and applying a black-
ody correction. During epochs where NIR bands are missing, the
agnitude is obtained by interpolating the points using a polynomial
t. Blackbody corrections were calculated by fitting the available
pectral energy distribution (SED) with a blackbody function and
xtrapolating out to the extremes of the UV and NIR regions when
ecessary. The error associated with the pseudo-bolometric light
urve was calculated using the error for the individual photometry
oints, along with an error calculated from the fitting of the extrap-
lated SED and an additional error of 0.1 mag per 10 d applied to
he extrapolated photometry bands. Further errors for the UV -band
xtrapolations were added in quadrature to the total luminosity error.

Additional pseudo-bolometric light curves were constructed using
he UV – optical, solely optical, and optical – NIR photometry.
hese pseudo-bolometric light curves are presented in the top panel
f Fig. 5 , while the contribution of each electromagnetic region to

art/stac1192_f4.eps
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Figure 5. Top panel: the pseudo-bolometric light curve of SN 2020acat, along with the light curves constructed using the UV + optical, just optical, and 
optical + NIR photometry. Bottom panel: the contribution of the individual electromagnetic regions as a percentage of the pseudo-bolometric light curve, with 
UV = blue, Optical = green, and NIR = red. 
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he complete pseudo-bolometric light curve given can be seen in 
he lower panel of Fig. 5 . The optical bands contribute the most to
he total light curve throughout its evolution. Initially, the UV bands 
ominate o v er the NIR bands, before rapidly decline in strength as
he NIR contribution increases, peaking at around ∼35 per cent and 
taying relatively constant until � 150 d, when the NIR contribution 
ises. The contribution from the NIR photometry bands shown in 
ig. 5 is initially slightly inflated due to the interpolation at early

imes resulting in an o v erestimation in the strength of the NIR
ands. This lack of comprehensive photometric coverage for the 
IR region resulted in an increase in the final error for the pseudo-
olometric light curve. Ho we ver, the lack of NIR coverage at peak
ime is not expected to have a significant effect on the physical
arameters derived from the pseudo-bolometric light curve due to 
he domination of the UV and optical bands at this epoch. The error
f the pseudo-bolometric light curve was also influenced by the lack 
f UV bands at late times ( � 60 d), although at this epoch the UV
ands contribute little to the bolometric light curve ( �10 per cent
f total flux), and therefore is not expected to impose significant 
rrors. The late time pseudo-bolometric light curve of SN 2020acat 
s likely suffers from an o v erestimation of the NIR bands during the
eriod when they contribute significantly to the total light curve. 
hile the pseudo-bolometric light curve constructed from the UV −

IR bands encapsulates the majority of photons emitted during the 
volution of SN 2020acat, a small portion of light is unaccounted for
ssociated with the bands outside the observed wavelength range. 
 full bolometric light curve of SN 2020acat is expected to have
 slightly higher peak luminosity and more luminous late time 
ue to the domination of the infrared bands during this epoch, as
een in Fig. 5 . Fitting of the full bolometric light curve during
he photospheric phase would result in a slightly larger 56 Ni mass,
nd potentially a higher amount of ejecta mass and kinetic energy, 
ompared to the pseudo-bolometric light curve. While an increase 
f the physical parameters is expected, the difference in physical 
arameters is not expected to great enough to alter any of the
onclusions derived from the analysis of pseudo-bolometric light 
urve. 

The evolution of the pseudo-bolometric light curve of 
N 2020acat, along with the light curves of of SN 1993J, SN 2008ax,
N 2011dh, SN 2011fu, SN 2013df, and SN 2016gkg are displayed

n Fig. 6 , with the peak time evolution of each pseudo-bolometric
ight curve shown in the upper right-hand plot. These SNe were used
s comparison objects for SN 2020acat due to their comprehensive 
hotometric co v erage, which e xtends from the early time to well in
o the nebular time phase. This allows for their pseudo-bolometric 
ight curves to be compared with that of SN 2020acat during both the
re-maximum and post maximum phases, as well as at late time when
6 Co decay dominates the light curve. All SNe shown in Fig. 6 have
lso been thoroughly modelled and have well determined properties 
uch as distance modulus, extinction and explosion date. This 
llows for a comparison and permits the placement of SN 2020acat
ithin the property distribution space of SNe IIb. Also shown in
ig. 6 is the decay slope of 56 Co, the source of power expected to
ominate the late-time evolution of SNe. As expected, the decay of
Ne IIb display a small spread at late time with all light curves
ignificantly diverging from the slope of 56 Co decay (Wheeler, 
ohnson & Clocchiatti 2015 ), as predicted when there is an the
bsence of the full trapping of the gamma-rays released by the decay
f 56 Co. 
The pseudo-bolometric light curve of SN 2020acat peaks at a lumi-

osity of L peak = 3 . 09 + 1 . 28 
−0 . 9 × 10 42 erg s −1 , Log ( L peak ) = 42.49 ± 0.15

erg s −1 ], with a rise time of ∼14.6 ± 0.3 d. The rise time of
N 2020acat is considerably faster compared to the other SNe IIb,
hich tend to have a rise time of ∼20 d or longer, and was expected

rom the rapid rise seen in the UV and optical bands. The pseudo-
olometric light curve of SN 2020acat lacks any shock-cooling tail 
een in several of the other SNe IIb. While it may be possible that the
hock-cooling phase of SN 2020acat was fully missed, this is unlikely 
MNRAS 513, 5540–5558 (2022) 
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Figure 6. The pseudo-bolometric light curve of SN 2020acat, along with several other well-observed SNe IIb o v er the first 250 d. The SNe shown in the plot 
are SN 1993J (red), SN 2008ax (orange), SN 2011dh (green), SN 2011fu (cyan), SN 2013df (magenta), SN 2016gkg (blue), and SN 2020acat (black). All SNe 
have been corrected for reddening as well as time dilation. The black dashed line displays the cobalt decay line that should dominate at late times for light curves 
powered solely by the decay of 56 Ni. The subplot (upper right) displays the initial 50 d of each pseudo-bolometric light curv es. F or SN 2020acat, the Arnett-like 
fit is also displayed by the solid black line, along with associated errors for the model shown by the grey shaded region. The physical parameters of each SN IIb 
obtained from the Arnett-like fit are given in Table 4 . 
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o have happened. The extended duration of the shock-cooling phase
ombined with the luminous nature of the shock-cooling tail, which
ends to outshine the peak of the 56 Ni powered peak of the light
urve, makes it a very obvious feature of the light curves of SNe IIb
hen it is present. Thus, the lack of evidence for the light curve of
N 2020acat showing any dimming from an initial bright peak and

he tight restriction on SN 2020acat’s explosion date, make it likely
hat the shock-cooling phase of SN 2020acat was not prominent, a
eature that is associated with SN from compact progenitors as was
een with SN 2008ax. 

SN 2020acat displays a higher peak luminosity than the majority
f SNe IIb shown in Fig. 6 . Among the SNe of our sample, only
N 2011fu is of similar brightness to SN 2020acat, with a peak

uminosity of Log ( L peak ) = 42 . 49 ± 0 . 17 [erg s −1 ] , while SN 2008ax
as a similar luminosity to SN 2020acat, peaking at a luminosity
f Log ( L peak ) = 42 . 38 ± 0 . 57 [erg s −1 ] . Compared to the mean peak
uminosity for SNe IIb given by Prentice et al. ( 2016 ), Log ( L peak ) =
2 . 36 ±0 . 26 

0 . 11 [erg s −1 ] , SN 2020acat is ∼0 . 12 [erg s −1 ] brighter, sug-
esting that a larger than average amount of 56 Ni was synthesized
uring the explosion. The analysis done in Prentice et al. ( 2016 )
akes use of the same cosmology as used in Section 2 allowing for
 comparison with SN 2020acat to be made. 

Ho we ver while a valid comparison to SN 2020acat can be made,
t should be noted that there is an additional uncertainty in the
uminosity of SN 2020acat and several comparison objects. This
rror arises from uncertainties in the distance modulus for events that
acked redshift independent distances and sit outside the Hubble flow,
s mentioned in Section 2 . Ho we ver, the uncertainty is not expected
ignificantly alter the peak luminosities obtained for the SNe IIb
hown here, as the bolometric corrections are the main contributor
o the error for the pseudo-bolometric light curves. 
NRAS 513, 5540–5558 (2022) 
An Arnett-like model (Arnett 1982 ) was fit to the pseudo-
olometric light curves of SN 2020acat and the other SE-SNe
o determine the mass of 56 Ni synthesized, as well as the mass
f material ejected by the explosion ( M ej ) and the SNe kinetic
nergy ( E k ). For the fitting of the Arnett-like model, an opacity of
= 0 . 06 cm 

2 g −1 and a dimensionless form factor derived by Arnett
 1982 ) of β = 13.8, were used for all SNe. An opacity of 0 . 06 cm 

2 g −1 

as used here as it has been established that a small optical opacity is
eeded for the modelling of the bolometric light curves for hydrogen
ich SNe, and has been used in studies of SNe IIb (Lyman et al.
016 ). The de generac y between the ejecta mass and the kinetic
nergy w as brok en for each SN by using the photospheric velocity,
 ph . For SN 2020acat, the photospheric velocity had a value of
10 000 ± 1000 km s −1 . The method used to obtain the photospheric

elocity discussed in Section 5.2 . Additionally, the model used for
N 2020acat and the other SNe IIb was slightly modified to determine

he estimated explosion date by fitting to the pre-peak photometric
ata. This was modified for those SNe that displayed a shock-cooling
hase and produced values all within the error range given for the
xplosion date within the literature. 

The Arnett-like model, shown in the upper right-hand plot of Fig. 6 ,
is well fitted to the peak of the pseudo-bolometric light curve and
he majority of the rise time. Although, it seems to underestimate
he luminosity of the initial points, within less than 5 d from
xplosion, and starts to diverge away from the constructed pseudo-
olometric light curve at around 35–45 d after estimated explosion.
he divergence at later times, ≥35 d, is expected as the light curve

ransitions away from being dominated by solely the decay of 56 Ni.
nterestingly, the underestimation of the bolometric light curve at
he earliest phase implies that the mass of 56 Ni is more mixed
nto the outer ejecta than what the model assumes. The main errors
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Table 4. Light-curve details and physical parameters derived from fitting the pseudo-bolometric light curves for SN 2020acat and the other SNe IIb with the 
Arnett-like fit. 

This work Literature 
SN Log( L peak ) t peak v ph M Ni M ej E k M Ni M ej E k 

(erg s −1 ) (d) ( × 10 3 km s −1 ) (M �) (M �) ( × 10 51 erg) (M �) (M �) ( × 10 51 erg) 

2020acat 42.49 ± 0.15 14.62 ± 0.27 10.0 ± 0.5 0.13 ± 0.03 2.3 ± 0.4 1.2 ± 0.3 – – –
1993J 42.37 ± 0.17 19.95 ± 0.32 8.0 ± 1.0 0.10 ± 0.03 1.9 ± 0.4 0.7 ± 0.2 0.10 ± 0.04 2.7 ± 0.8 1.3 ± 0.3 
2008ax 42.38 ± 0.08 17.20 ± 0.27 7.5 ± 0.5 0.13 ± 0.04 2.5 ± 1.0 0.8 ± 0.3 0.10 ± 0.02 2.7 ± 0.5 1.2 ± 0.5 
2011dh 42.15 ± 0.11 20.21 ± 0.54 6.5 ± 1.0 0.05 ± 0.01 2.2 ± 0.4 0.6 ± 0.1 0.07 ± 0.01 2.1 ± 0.5 0.8 ± 0.2 
2011fu 42.49 ± 0.14 21.15 ± 0.73 8.0 ± 1.0 0.17 ± 0.03 3.4 ± 0.7 1.3 ± 0.3 0.15 3.5 1.3 
2013df 42.38 ± 0.07 17.84 ± 0.30 8.0 ± 1.0 0.11 ± 0.02 1.5 ± 0.3 0.6 ± 0.1 0.11 ± 0.02 0.11 ± 0.30 0.8 ± 0.4 
2016gkg 42.13 ± 0.02 18.47 ± 0.13 8.0 ± 1.0 0.06 ± 0.01 1.6 ± 0.3 0.6 ± 0.1 – – –

Notes . Shown on the left are the literature values for the M Ni , M ej , and E k of the different SNe IIb, these values were derived using the Arnett-like model and 
an optical opacity κ = 0 . 06 cm 

2 g −1 . 
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ssociated with the model arise from the error in the photospheric 
elocity, the error associated with the pseudo-bolometric light curve 
nd the error within the estimated explosion data. From the fitting 
o the pseudo-bolometric light curve, the values for the physical 
arameters of SN 2020acat and the comparison SNe IIb, along with 
he peak luminosity and rise time for each event were determined. 
hese values along with the photospheric velocity used to break 

he de generac y between M ej and E k , are given in Table 4 . From the
odelling of the SN 2020acat light curve, a 56 Ni mass of M Ni =

.13 ± 0.03 M � was obtained, along with a ejecta mass of M ej =

.3 ± 0.4 M � and a kinetic energy of E k = 1.2 ± 0.3 × 10 51 erg. It
hould be noted that in recent years, there has been a lot of discussion
n the validity of using an Arnett-like approach to obtain the value
f the 56 Ni mass synthesized by CC-SNe. Khatami & Kasen ( 2019 )
iscussed the effect of neglecting the time-dependent diffusion on 
he 56 Ni mass that Arnett-like models assume. Alternative models 
or CC-SNe have shown that the value of 56 Ni mass derived from
he Arnett-like model is higher by ∼30 –40 per cent than the results
rom recent modelling (see Dessart et al. 2016 ; Woosley, Sukhbold &
asen 2021 ). As such if the 56 Ni mass derived above for SN 2020acat

s o v erestimated by ∼30 –40 per cent then the final 56 Ni mass for
N 2020acat would be M Ni = (0.08–0.09) ± 0.03 M �. Ho we ver due

o the prolific use of the Arnett-like model in the literature, when
omparing the physical parameters of SN 2020acat with those of 
ther SNe IIb, the uncorrected value of M Ni will be used to give a
ore valid comparison. 
The physical parameters obtained for SN 2020acat suggests that 

t was a high-energy event, producing a large amount of both 56 Ni
nd ejecta. Ho we ver, to get a comprehensi ve look at the physical
arameters of SN 2020acat a comparison with a large study of
Ne IIb is needed. From Prentice et al. ( 2019 ), a mean value of
 Ni and M ej of SNe IIb were determined to be 0.07 ± 0.03 and

.7 ± 1.0 M �, respectively. These physical parameters show that 
N 2020acat produced a roughly average value for the ejecta mass
hile having a significantly higher value for the nickel mass, which 
ould account for the brighter pseudo-bolometric light curve shown 

n Fig. 6 . Ho we ver, when compared to the analysis of SE-SNe done
y Lyman et al. ( 2016 ), with values of M Ni = 0.11 ± 0.04 M �,
 ej = 2.2 ± 0.8 M � and a kinetic energy of 1.0 ± 0.6 × 10 51 erg,

N 2020acat synthesized slightly more nickel than the average SNe 
Ib, an average amount of ejecta mass and a slightly higher kinetic
nergy. From both study comparisons it can be seen that SN 2020acat
s an energetic event that produces a roughly average amount of ejecta 
or an SN IIb. 

The high energy derived for SN 2020acat, along with the value 
f M ej , supports the idea that the progenitor of SN 2020acat was
n intermediate mass star with an M ZAMS between 15 and 20 M �.
he progenitor mass range of SN 2020acat was determined using the
erived physical parameters, along with an assumed remnant mass 
f 1.5–2.0 M �, and the progenitor models described in Sukhbold
t al. ( 2016 ). The value of the M ZAMS predicted for SN 2020acat,
hile on the higher end of progenitor masses, is not out of the

ange of possibility for an SE-SNe. Deng et al. ( 2003 ) reported a
imilar progenitor M ZAMS ∼20–25 M �, for SN 2002ap, an SN Ic that
roduced a similar amount of ejecta mass as SN 2020acat. A high-
ass progenitor, M ZAMS ∼18 M �, was also suggested by Folatelli

t al. ( 2015 ) for SN 2008ax. It was also shown by Lyman et al.
 2016 ) that the observed distribution of ejecta masses for SE-SNe
an be explained by progenitors with masses that range between 8
nd 20 M �. As such, an intermediate- to high-mass progenitor for
N 2020acat is not impossible, although it would require detailed 
ydrodynamic modelling to determine its validity, which is beyond 
he scope of this work. 

 SPECTROSCOPIC  ANALYSI S  

ig. 3 shows the spectral evolution of SN 2020acat until the start of
he nebular phase. The initial spectrum of SN 2020acat was obtained
n December 10, 2020 (MJD = 59193.31), approximately 1 d after
he estimated explosion date. Initially, the spectra of SN 2020acat 
isplayed a blue continuum due to the high temperature of the
aterial, before rapidly cooling. At around + 20 d from explosion,

he blue continuum had faded and the spectral-line features become 
ore dominant. The H α feature, along with H β and to a lesser

egree H γ , dominate the spectra for the first ∼100 d. Helium
eatures are also clearly present, although they are not as strong
s the hydrogen ones, as well as some ionized iron features. After
100 d, the hydrogen features have almost fully faded from the

pectra, leaving both oxygen and calcium to dominate the spectra of
N 2020acat, as the photosphere recedes deeper into the ejecta and

he spectra transitions into the nebular phase. 

.1 Early phase 

.1.1 Pre-maximum light 

uring the pre-maximum light phase, ∼0–20 d after explosion, the 
 α feature displays a strong broad P-Cygni profile. While hydrogen 

eatures are clearly visible throughout the photospheric phase, the 
e I λλ5876, 6678, 7065 lines do not produce strong features until
ost-max light ( ∼25 d after explosion), with the 5876 Å being the
trongest of the He I features, and the only one clearly visible in the
MNRAS 513, 5540–5558 (2022) 
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Figure 7. Spectroscopic comparison of SN IIb at around 9 d from explosion. All spectra have been corrected for redshift and extinction. The emerging hydrogen 
and helium features are marked at their rest wavelength. 
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re-max spectra. The 6678 Å feature is especially weak and seems
o disappear when the H α feature is no longer visible. 

In the blue region ( < 6000 Å) of the optical spectra, where the
e II line features usually dominate, there is a strong absorption
eature at ∼4900 Å that is of similar depth to the H β feature at
round ∼20 d after the explosion. This feature is generally identified
s Fe II λ5018. Ho we ver, it is generally observed alongside other
e II lines, all of which display a similar strength. This is not what

s observed in the spectra of SN 2020acat, where the Fe II 5018
eature broadly dominates o v er the other Fe II features. Also, the
900 Å component is not broad enough to be a result of both the
e II λλ4924, 5018 blending together, and there is a distinct weak
bsorption component between the H β line and the 4900 Å feature
hat has been associated with the Fe II λ4924 line. The existence of a
istinct Fe II λ4924 feature, along with the fact that both the 4924 Å
nd 5169 Å components are not of similar strength relative to the
018 Å line place strong doubt on the origins of the 4900 Å feature
s the result of solely a Fe II line. The question remains on what
s the element that causes the 4900 Å feature, within the spectra of
N 2020acat. This was tested by fitting the spectra of SN 2020acat
ith a continuum fit and adding an absorption component of different

lements that possess a strong emission line just redward of the
900 Å. Once the likely elements were identified, a line velocity was
etermined from the absorption minimum. The velocity was used to
t the features of the elements other optical lines found in different
egions of the spectrum. If the additional features matched up with
everal other absorption features within the spectrum the element
as considered a likely source of contribution to the 4900 Å feature.
he process was repeated three times to determine if the elements
resence existed within the spectra or if the initial presence was due
o the noise within the spectrum. From this testing, the best elements
hat would have been able to create the 4900 Å feature are either
elium, nitrogen or a combination of both, enhancing the already
xisting Fe II λ5018 line. The helium line that would result in the
900 Å feature is the He I λ5016 line, which is significantly weaker
NRAS 513, 5540–5558 (2022) 
han the He I λ5876, with a weighted transition probability g k A ki 

f 4.0116 × 10 7 and 4.9496 × 10 8 , respectively (Drake 2006 ), thus
aking it unlikely that the He I λ5016 line is the only line responsible

or the 4900 Å feature. Along with helium, nitrogen also possesses
ultiple optical lines whose presence were identified from fitting the

pectra of SN 2020acat during the post-maximum brightness and the
pectra observed between the photospheric phase and the nebular
hase. These lines being the N II λλλ5005, 5680, and 5942 lines,
hich have equi v alent transition probability to the He I λ5876 line
ith a value of g k A ki of 3.63 × 10 8 (Luo & Pradhan 1989 ), 3.47 × 10 8 

Tachiev & Fischer 2001 ), and 5.47 × 10 7 (Tachiev & Fischer 2001 ),
espectiv ely. There also e xists a weak N II line at 6482 Å, ho we ver
his line o v erlaps with the H α feature thus making the determination
f its presence at early times, where the hydrogen Balmer features
ominate, quite difficult. While the presence of additional nitrogen
ay enhance the broad nature of the 4900 Å feature, through the

lending of several lines within the iron region of the SN 2020acat
pectra, it should be noted that nitrogen does not have a strong
mission. As such, the presence of nitrogen alone is not enough
o strongly alter the spectrum of SN 2020acat, unless unrealistic
mounts of nitrogen were to be introduced. Therefore, while it is
ossible that nitrogen enhances the existing feature, the main cause
f the 4900 Å feature is still thought to be a result of helium and iron.
The pre-maximum spectrum of SN 2020acat, taken on December

8, 2020, at around 9 d after explosion, was compared to the spectra
f five SN IIb, each taken at a similar epoch, in Fig. 7 . All spectra
ave been corrected for reddening, given in their rest wavelength, and
ormalized to the peak of the H α feature. Unfortunately, SN 1993J
acked full wavelength coverage at this epoch, covering a range
f ∼4000–7000 Å. Ho we ver, in this phase, as the major feature
t wavelengths redder than 7000 Å is the Ca II feature the missing
ection of SN 1993J is not expected to be of great concern. Relative
o the other SNe IIb, SN 2020acat displays broader features for all
ines seen at this epoch. SN 2020acat also displays strong hydrogen
eatures compared to the other SNe. Unlike SN 2008ax, SN 2011dh,

art/stac1192_f7.eps
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Figure 8. Spectral comparison of SN 2020acat with several well-observed SNe IIb roughly 20 d after explosion. Phase from explosion date for individual SNe 
is given in the legend. All spectra are shown in the rest frame and were normalized to the peak of the H α feature. SNe are ranked in terms of the He I λ5876 line 
velocity and given in the rest frame. Key photospheric phase lines are marked by the dashed lines and are given at their rest wavelength. 
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nd SN 2016gkg, SN 2020acat lacks strong iron features at around 
4800 Å, instead showing a smooth emission from H β. The depth

f the Ca II H&K feature within the spectrum of SN 2020acat is not
s deep relative to some of the other SNe, being similar to both
N 2013df and SN 2016gkg. 

.1.2 Post-maximum light 

he spectrum of SN 2020acat at ∼20 d post-explosion was also 
ompared to the other SNe IIb at a similar epoch, in Fig. 8 , which
ave been ranked by the He I λ5876 maximum velocity. As expected,
N 2020acat displays a very blueshifted helium feature with only 

he helium feature of SN 2011fu being bluer in wavelength. In all
Ne spectra, the He I λ5876 feature is strong and displays very
imilar shape in all except SN 1993J and SN 2013df. The H α feature,
hile present in all spectra at this epoch, varies significantly in both

trength and broadness among the different SNe IIb displayed in 
ig. 8 . In SN 2020acat, the H α emission is quite broad, such that

he He I λ6678 feature is visible within the emission component 
-Cygni H α profile, just blue of the peak. In all spectra, the H α

-Cygni absorption feature is deeper than He I λ5876, although 
n the spectrum of SN 2008ax, both features have a very similar
epth. Unlike both SN 1993J and SN 2013df, SN 2020acat does 
ot display a broad flat minimum in either the H α and He I
5876 features, showing that within SN 2020acat the hydrogen 
nd helium existed within distinct shells and lack multiple high- 
ensity regions as suggested for SN 1993J and SN 2013df (Sahu 
t al. 2013 ). All spectra also display clear NIR Ca II features. It
hould be noted that the line velocity of all major features, in the
20-d spectrum of SN 2020acat, are faster than those of other 
Ne at the same epoch, this can be clearly seen in Fig. 9 . The
igh velocity of all major features suggests that SN 2020acat was a
ery energetic event, likely originating from a high-mass progenitor 
tar. 
.2 Line velocity evolution 

he expansion velocity of the ejected material in SN 2020acat was
easured from of the P-Cygni profiles for the H α, H β, He I λ5876,

nd Fe II λ5018 lines within the spectra prior to day 100. This was
etermined by fitting the absorption minimum of the line profiles 
ith a Gaussian function. The main error associated with the line
elocity originates from the noise of the individual spectrum, along 
ith a small error associated with fitting of the line features and the

edshift correction. Ho we ver, due to the high S/N of the spectra, the
rror at most epochs is not large for the H α, H β, and He I λ5876
ines. 

Unlike the other lines, the Fe II λ5018 line has an additional error
ssociated with the origin of the 4900 Å feature. As mentioned in
ection 5 , identification of the Fe II λ5018 line is made difficult
y the presence of helium and potentially nitrogen lines, and due
o line blending, as well as the resolution of the spectra, it is not
ossible to determine the velocity minimum of each line individually. 
espite that, we expect the velocity profile of the feature to be
ominated by the Fe II λ5018 line and have taken the minimum
f the 4900 Å as the maximum velocity of the Fe II λ5018 with an
dditional error of ∼20 per cent from the blending of the helium 

nd possibly nitrogen lines. Due to the trouble with identifying 
he Fe II λ5018 line, the line velocities other Fe II lines were used
o check the obtained Fe II λ5018 line velocity evolution with all
ines showing an agreement with the velocity range derived for the
e II λ5018 line. 
Along with the line velocity of the Fe II λ5018 line, measuring the

 xpansion v elocity of the Fe II λ5169 line is critical in determining
he velocity of the photosphere as it moves through the expanding
jecta. Both Hamuy et al. ( 2001 ) and Tak ́ats & Vink ́o ( 2012 ) have
hown that the evolution of the Fe II lines closely follow the evolution
f the photosphere, especially compared to other lines seen during 
he photospheric phase such as the Balmer lines (Dessart & Hillier
005 ). Due to the nature of the Fe II region discussed in Section 5.1.1
MNRAS 513, 5540–5558 (2022) 
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Figure 9. Line velocity evolution of the H α, H β, He I λ5876, and Fe II λ5018 lines for SN 2020acat, which are compared to those of other SNe IIb, o v er the 
first 100 d from explosion. It’s clearly seen that SN 2020acat displays one of the highest line velocities of the SNe shown here. 
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nd the noise within the spectra of SN 2020acat, determining the
elocity of the Fe II λ5169 line at maximum light resulted in a large
elocity uncertainty. Despite that a photospheric velocity, based on
he Fe II λ5169 line, of v ph ∼ 10 000 ± 1000 km s −1 was determined
rom the peak time spectrum, taken ∼15.5 d after explosion. 

The velocity evolution of these lines was compared to the ve-
ocity evolution obtained from SN 1993J, SN 2008ax, SN 2011dh,
N 2011fu, SN 2013df, and SN 2016gkg in Fig. 9 . Overall, the line
elocities of elements identified in SN 2020acat are consistently
igher when compared to other SE-SNe. The H α velocity initially is
i v alled by only SN 2008ax at ∼22 700 km s −1 , being ∼1000 km s −1 

igher than the other SNe. The H α and H β velocities rapidly
ecline o v er the first ∼20 d, before plateauing at around ∼13 000 and
12000 km s −1 , respectively. Both the H α and H β of SN 2020acat

isplay a slight increase in their velocity of ∼500 km s −1 at around
30 d. This increase likely results from the fitting of the spectra as

here is no physical reason seen within either the spectra or light
urve that would account for this increase in velocity. The He I
5876 feature of SN 2020acat starts at ∼16 800 km s −1 and steadily
eclines for ∼70 d, remaining higher than the other SE-SNe, until
N 2020acat starts to transition into the nebular phase. The Fe II
5018 line velocity of SN 2020acat remains faster than other SNe

hroughout the spectroscopic evolution. 

.3 Transition into the nebular phase 

etween ∼50 and 120 d after the explosion, the spectrum of
N 2020acat undergoes a drastic change as the Balmer lines become
arrower and more shallow, and the photosphere recedes deeper into
he expanding ejecta. Along with the fading of the hydrogen features,
he line velocity of most elements drops at a much slower rate than
uring the photospheric phase, falling by ∼2000 km s −1 during this
eriod, although the H α and H β lines drop at a slower pace only
ecreasing by ∼1000 km s −1 . The He I lines increase in strength
elative to the H α line, and become the dominant feature as the
NRAS 513, 5540–5558 (2022) 
pectrum transitions into that of an SN Ib. While this is happening,
he NIR Ca II λλ8498, 8542, 8662 feature also becomes stronger,
long with the weak absorption component of the Ca II H&K lines.
owards the end of this phase, the [Ca II ] lines λλ7291, 7324, along
ith the allowed O I λ7773 feature, start to appear showing the

pectrum is transitioning into the nebular phase. 
The spectrum of SN 2020acat at ∼60 d is compared with spectra

f the other SNe IIb at a similar epoch, although the spectrum of
N 2016gkg is ∼15 d earlier than the rest due to the limited late

ime observations, in Fig. 10 . Despite the late time, the absorption
omponent of the H α feature in the SN 2020acat is much deeper than
n the other SNe IIb. This deep hydrogen feature suggests that a large
mount of hydrogen is still present at the depth of the photosphere at
round ∼60 d after the explosion. The presence of strong hydrogen
eatures at this epoch may result from the progenitor having hydrogen
ixed throughout the outer envelope and into parts of the inner

nvelope prior to collapse. The H α feature is also still significantly
roader than those seen for other SNe IIb. 
Although the H α feature remains broad in SN 2020acat, the He I

 elocities hav e dropped to within the velocity distribution given by
he other SNe IIb. Overall, the spectrum of SN 2020acat at this epoch
s similar to that of SN 2016gkg, which still displays a relatively
trong H α feature. Although, it should be noted that the spectrum
f SN 2016gkg is ∼15 d earlier than that of SN 2020acat, which
an drastically change the strength of the H α feature and thus
ould affects the similarity between these two SNe. The H α and
e I λ5876 features within all spectra are of similar widths and

ll SNe display strong Ca II features in the NIR region, with both
N 1993J and SN 2008ax displaying a double-peaked profile. The
egion within the spectra of SN 2020acat between 4800 and 4900 Å
isplays both a noticeable H β and a broad feature within the Fe II
ortion of the region. This strong feature at this epoch is unlikely
o result of solely Fe II lines and as discussed in Section 5.1.1 is
xpected to be enhanced by the presence of helium and possible
itrogen. If the ∼4900 Å feature is indicative to the presence of

art/stac1192_f9.eps
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Figure 10. Spectral comparison of SN 2020acat with several well-observed SNe IIb roughly 60 d after their reported explosion date. All spectra are shown in 
he rest frame and are ranked in terms of He I λ5876 line v elocity. Ke y transition phase element lines are marked at their rest wavelength, with allowed transitions 
shown as the dashed lines and forbidden lines shown as dotted lines. 
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itrogen in the spectra of SN 2020acat, it is expected that there
hould be other N II features detected, including the N II λλ5680,
611 lines. These lines can be associated with weak features seen 
n the ∼60-d spectrum of SN 2020acat in Fig. 10 , at ∼5500 and
450 Å, respectively. The feature potentially produced by the N II 

5680 line is located blue of the [O I ] λ5577 feature, which produces
 strong emission feature in all spectra except for SN 2013df and
N 2020acat. The potential N II 6611 Å feature could be associated 
ith a weak absorption feature between the H α peak and the 
e I λ6678 absorption minima. The 6611 Å feature is significantly 
eaker than the 5680 Å and 4900 Å features, likely due to a 

ombination of the hydrogen and helium dominating the spectrum 

n this region. All of these absorption features are associated with 
itrogen corresponding to a line velocity of ∼8000 ± 500 km s −1 ,
uggesting that, if present, they all result from the same nitrogen- 
ontaining shell. Jerkstrand et al. ( 2015 ) discuss models that display
trong N II within the late time ( > 100 d). In order to determine
he existence of potential N II lines, more detailed modelling of the
pectrum at these epochs are required, which is beyond the scope of
his work. 

.4 Nebular phase 

t around ∼120 d after the explosion of SN 2020acat, the spectrum
ransitions into the nebular phase. During this phase, the H α feature 
ompletely disappears and the He I features decrease in strength. 

hile this is happening, both the [O I ] λλ6300, 6363 and the [Ca II ]
λ7291, 7323 doublets become stronger and dominate the spectrum. 
he spectrum of SN 2020acat at ∼170 d was compared to several
Ne IIb at the same epoch, see Fig. 11 . Once again, the spectrum
f SN 2016gkg differs significantly in phase compared to the other 
Ne. All the spectra of the SNe shown in Fig. 11 are dominated by
ither the [O I ] λλ6300, 6363 or the [Ca II ] λλ7291, 7324 feature at
his epoch. Mg I ] λ4571, O I λλ7772, 7774 and the NIR Ca II are also
ll identified within the spectrum of SNe IIb at this epoch. During
his phase, the spectrum of SN 2020acat appears most similar to that
f SN 1993J, both dominated by the [O I ] feature o v er the [Ca II ]
eature. Both of these SNe lack a spectral feature at around 5700 Å,
hich is present in the SNe that are dominated by [Ca II ]. While

hey are similar SN 2020acat does not display a double peak in the
a II NIR feature seen in SN 1993J, along with several other SNe IIb,

nstead possessing a single Ca II NIR peak seen also in SN 2016gkg.
nother difference between SN 2020acat and SN 1993J is the lack
f a small feature around 6400 Å, associated with H α. This suggests
hat hydrogen in SN 2020acat, while mixed deep into the outer layers
f the progenitor star as indicated by the strong H α visible at earlier
pochs, is unlikely to penetrate deep into the inner layers or exist in
 thick circumstellar medium. 

Both the [O I ] and [Ca II ] features observed within nebular time
pectra can be used to probe the asymmetrical nature of the ejecta,
s done with SN 2003bg by Mazzali et al. ( 2005 ). The evolution
f the shape of both the [O I ] and [Ca II ] peaks in the spectra of
N 2020acat are shown in Fig. 12 . The spectrum on day 117.04 still
isplays the remnant of an H α feature, seen by the flat-topped profile
hat would not be present if only [O I ] was emitting in that region.
nce the H α feature has fully faded from the spectrum, at ∼130 d,

he [O I ] feature displays a strong symmetric shape. When compared
ith the [O I ] features of other SE-SNe, the [O I ] of SN 2020acat
oes not display a strong double-peaked feature, and appears more 
imilar to both SN 2011fu and SN 2013df. Instead, the nebular spectra
f SN 2020acat display a small bump on the red side of the peak,
hich is due to the [O I ] λ6363 line. The centroid of the [O I ] peak

s aligned with the 6300 Å, while the centroid of the [Ca II ] peak
s slightly shifted by ∼1000 km s −1 , which seems to mo v e towards
ero velocity as the spectra evolve. The [Ca II ] feature is broader than
hose of other SNe IIb by several thousand km s −1 , likely a result of
he high explosion energy causing a large dispersion in the calcium
elocity distribution. 
MNRAS 513, 5540–5558 (2022) 
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Figure 11. Spectral comparison of SN 2020acat with several SNe IIb around day ∼170. Phase from the explosion date is given in the legend and all spectra are 
shown in the rest frame. SNe are ordered with respect to the flux ratio of the [O I ] and [Ca II ] nebular features. Key nebular phase line features are marked at 
their rest wavelengths, with allowed transitioned shown as the dashed lines and forbidden lines shown as dotted lines. 

Figure 12. Line profile of [O I ] λλ6300, 6363 (left) and [Ca II ] λλ7292, 7324 
(right) within the late-time spectra of SN 2020acat. The dashed lines are the 
emission velocities corresponding to 6300 and 7291 Å lines. The epoch from 

estimated explosion date for each spectrum is given in the rest frame. 
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.5 Oxygen mass and [Ca II ]/[O I ] ratio 

ransson & Che v alier ( 1989 ) suggested that the ratio between the
ux of the [Ca II ] λλ7291, 7324 and the [O I ] λλ6300, 6363 lines
rovides a good way of estimating whether the progenitor had a
arge or small main-sequence mass. This is due to the assumption
hat the flux of the oxygen emission region is directly related to the

ass of oxygen formed throughout the evolution of the progenitor
tar, while the flux of the calcium emitting region is dependent solely
n the mass of calcium synthesized during the explosion, and thus not
ffected by the mass of the progenitor during its life cycle. Therefore,
 large ratio, [Ca II ]/ [O I ] � ∼ 1, is expected to be the result of the
rogenitor having a small main-sequence mass. It was shown by
lmhamdi et al. ( 2004 ) that the [Ca II ]/[O I ] ratio within the spectrum
t late enough times ( > 150 d) is expected to stay stable o v er v ery
ong periods. For SN 2020acat, at ∼170 d, the [Ca II ]/[O I ] ratio was
ound to be ∼0.5, similar to that seen for SN 1993J and SN 2011fu
t similar epochs, which suggests that the progenitor of SN 2020acat
ad a large M ZAMS . Ho we ver, it should be noted that this method is
ot a robust tool for obtaining M ZAMS . The ratio between the [Ca II ]
λ7292, 7324 and [O I ] λλ6300, 6363 varies strongly among the
ifferent SNe IIb displayed in Fig. 11 , with SN 2008ax, SN 2011dh
nd SN 2013df all displaying a stronger forbidden calcium feature
elative to the oxygen peak. SN 1993J, SN 2011fu, SN 2016gkg, and
N 2020acat, on the other hand, all show a stronger oxygen feature

hat dominates o v er the calcium, although with SN 2016gkg, the
eaks of the oxygen and calcium features are very similar at ∼140 d.
aution, ho we ver, should be taken with the spectrum of SN 2016gkg

hat was obtained ∼30 d earlier than the other SNe and thus, by
ay 170, may have a drastically dif ferent ratio, especially gi ven the
roximity to unity that the [Ca II ]/[O I ] ratio had at ∼140 d. 
From the nebular phase spectra of SN 2020acat, an estimation of

he oxygen mass can be made, which can provide insight into the
xpected progenitor mass. The relationship between the observed
O I ] emission peak and the mass of oxygen was described by Uomoto
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Table 5. Mass of oxygen obtained from the late-time spectra of SN 2020acat 
using equation (4 ). 

Phase Flux M O 

(d) ( ×10 −14 erg s −1 cm 

−2 ) (M �) 

171.17 8.407 3.13 (0.14) 
177.02 7.406 2.76 (0.10) 
197.83 7.691 2.87 (0.12) 
233.62 2.590 0.97 (0.04) 

Notes . The flux from the spectrum taken 171.17 d from explosion is taken as 
an upper limit to the mass of oxygen. The error associated with each epoch 
is given in the parenthesis. 
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Figure 13. Nebular phase spectra (black) of SN 2020acat, taken at ∼171.17 
(top panel) and 233.62 (bottom panel) d post-explosion, along with the one- 
zone nebular model (red) of Mazzali et al. ( 2001 ). 
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 1986 ), which is expected to hold within a high-density limit ( N e ≥
0 6 cm 

−3 ), and is given by 

 O = 10 8 F([ O I ]) D 

2 × exp 

(
2 . 28 

T 4 

)
, (4) 

where M O is the mass of neutral oxygen in M �, F([O I ]) is the
ux of the [O I ] λλ6300, 6363 peak in erg s −1 cm 

−2 , D is the distance
n Mpc and T 4 is the temperature of the oxygen-emitting region 
f the spectrum in units of 10 4 K. The temperature of the [O I ]
egion can be determined by the ratio of fluxes between [O I ] 5577 Å
nd the [O I ] λλ6300, 6363 lines. Ho we ver, determining the flux of
he [O I ] 5577 Å peak is not easy, as it can blend with Fe II lines,
istorting the flux value of the peak. As such, a temperature of T 4 =
.4 K was used, which arises from the assumption that within the
xygen emitting region during the nebular phase the density is high 
nd the temperature is low (Elmhamdi et al. 2004 ). Using this low
emperature, along with an F([O I ]) = 8.41 × 10 −14 erg s −1 cm 

−2 

erived from the spectrum taken at ∼170 d post-explosion, results 
n an oxygen mass of M O = 3.13 ± 0.07 M �. This is a large oxygen

ass given the ejecta mass derived from the light curve. Ho we ver,
ealistically, the flux of oxygen is not constant o v er time as the SN
ades and the spectra transitions further into the nebular phase. As
uch, different oxygen masses can be obtained as the spectra evolve, 
he values of which are given in Table 5 . Due to the changing nature
f the oxygen flux as SN 2020acat fades, the value of M O derived
rom the spectrum taken on day ∼171 can be considered an upper
imit to the oxygen mass. 

Two of the nebular spectra of SN 2020acat ( t = 171.17 and t =
33.63) were modelled using our SN nebular spectrum synthesis 
ode (e.g. Mazzali et al. 2007 ). Briefly, the code computes the
mission of gamma rays and positrons by the radioactive decay 
f 56 Ni and 56 Co, and computes their deposition in the expanding 
N ejecta, using a gamma-ray opacity κgamma = 0.027g cm 

−2 and 
 positron opacity κe + = 7 g cm 

−2 . Following the prescriptions of 
xelrod ( 1980 ), the deposited energy is utilized to heat the gas
ia collisional processes. Heating is then balanced by cooling via 
adiation in mostly forbidden lines. Ionization and recombination 
ates are balanced and the level populations within different ions is
omputed in non-local thermodynamic equilibrium (NLTE). The SN 

ebula is expected to be optically thin at late times and radiation
ransport is not performed. For SN 2020acat, we use a simple one-
one version of the code, which allows us to determine the basic
arameters of the inner ejecta without making assumptions about 
he density distribution. Clearly, because of such an approach, our 
esults must be regarded as approximate. We assumed for the two 
pectra at ∼231 and 170 d after explosion, used a distance modulus
= 32.74 mag and a total reddening E ( B − V ) = 0.0207 mag. The

uter boundary velocity for the part of the nebula that contributes 
o the emission was set at 5100 km s −1 , based on the width of the
mission lines. Given that we did not use a stratified model of the
jecta, we should expect that deposition efficiency decreases with 
ime faster than in the real SN. This means that at later epochs
omewhat larger values of the masses are required to fit the spectrum
Mazzali et al. 2001 ). Fig. 13 shows the two observed spectra and
he corresponding synthetic spectra. The main emission features are 
O I ] 6300,6363 Å, Mg I ] 4570 Å, and Ca II ] 7291,7324 Å. Weaker
ines include [O I ] 5577 Å, which is sensitive to recombination, the
O I ] recombination line near 7773 Å, which is not reproduced in
ur model as we do not consider recombination emission, Na I D,
nd several [Fe II ] lines, mostly near 5200 Å, which are important to
etermine the abundance of 56 Ni. The mean masses of the elements
hat contribute to the spectra are 56 Ni = 0.10 ± 0.02, M O = 1.0 ± 0.10,
 C = 0.20 ± 0.05, M Ca = 0.045 ± 0.005, M Mg = 0.0012 ± 0.0004,

nd M Na = 0.0008 ± 0.0001 M �. Small amounts of Si and S were
lso included for consistency, but these elements do not produce 
trong lines in the optical range. The spectra do not appear to be
ully nebular. In particular, a feature near 5000 Å may still have a
-Cygni profile from Fe II multiplet 42 lines. The ejected mass within

he boundary velocity is 1.5 ± 0.15 M �. This indicates a moderately
assive CO core ( ∼3 M � if we assume a neutron star remnant), and

s consistent with previous results for stripped-envelope SNe (e.g. 
azzali et al. 2021 , fig. 14), indicating a progenitor ZAMS mass of
20 M �. 

 C O N C L U S I O N S  

N 2020acat was a well-observed SN IIb, with a highly constrained
xplosion date, that was thoroughly observed in the UV to NIR
hotometric regions during peak time, and e xtensiv e optical follow-
p during the transition into the nebular phase. Spectroscopically, 
N 2020acat was followed for ∼230 d, resulting in a comprehensive
ptical campaign from pre-maximum light to the start of the 
ebular phase. The follow-up campaign was unfortunately halted 
MNRAS 513, 5540–5558 (2022) 
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s SN 2020acat mo v ed into Solar conjunction and was too faint to
e observed once it reappeared. The comprehensive photometric and
pectroscopic data set gives SN 2020acat one of the best follow-up
ampaign available for an SN IIb caught within a few days of its
xplosion. 

SN 2020acat displays a very fast rise, reaching the peak of the
seudo-bolometric light curve in ∼15 d, more rapidly than other
Ne IIb. The fast rising pseudo-bolometric light curve, and the
nderestimation of the light-curve model used in Section 4.3 , may
esult from 

56 Ni being mixed into the outer layers of the ejecta
eleasing trapped photons at a much faster rate than the standard
Ne IIb. Ho we ver, more detailed modelling of the pseudo-bolometric

ight curve is required to determine the distribution of 56 Ni within the
jecta of SN 2020acat. Along with the fast rising pseudo-bolometric
ight curve SN 2020acat lacks any early time decline that is normally
ssociated with the shock-cooling tail, which is also seen in its early
ime UV and optical light curves. While it might be possible that
he shock-cooling phase was completely missed in the early time
bservations, the dim initial observation as well as the shape of the
ising light curves and the tight constraint on the estimated explosion
ate, all suggest that SN 2020acat lacked any evident shock-cooling
hase. The lack of an extended shock-cooling phase strongly implies
hat the progenitor of SN 2020acat was a compact object that lacked
n extended hydrogen envelope. 

Modelling of the pseudo-bolometric light curve showed that
N 2020acat produced a mass of 56 Ni of M Ni = 0.13 ± 0.03 M � along
ith an ejecta mass of M ej = 2.3 ± 0.4 M � and a kinetic energy
f E k = 1.2 ± 0.3 × 10 51 erg. When compared to other SNe IIb,
N 2020acat was found to have synthesized a larger amount of

6 Ni, and produced a slightly larger ejecta mass and kinetic energy,
mplying that SN 2020acat originated from a more massive star
han the average hydrogen-rich SE-SNe. From the derived physical
arameters, assuming a remnant mass of ∼1.5–2.5 M �, and using
he set of progenitor models described in Sukhbold et al. ( 2016 ),
 progenitor mass range of M ZAMS ≈ 15–20 M � was determined
or SN 2020acat. This progenitor mass range agrees with the de-
ived M ZAMS obtained from analysis of the nebular phase spectra,
hich obtained an M ZAMS of ∼20 M �, which together suggest that
N 2020acat likely originated from a relatively massive star. 
Spectroscopically, SN 2020acat shows strong hydrogen features

hroughout its evolution into the nebular phase, co v ering the first
100 d, at which point oxygen, along with calcium, starts to

ominate the spectra. The clear presence of hydrogen well into
he start of the nebular phase suggests that SN 2020acat possessed
ither a very dense thin hydrogen envelope prior to explosion or the
ydrogen was mixed deep into the outer layers through some means
f convection. In addition to the deep hydrogen signature within
he spectra of SN 2020acat, the spectral feature usually associated
ith the Fe II λ5018 line was seen to be much stronger than the

urrounding Fe II lines. From analysis of the spectra at multiple
pochs around peak time, it was determined that the feature was likely
nhanced by the presence of a combination of helium and nitrogen
ithin the ejecta. While the helium line that could have enhanced

his feature has been reported prior, the presence of nitrogen is not
xpected in the spectra of SNe IIb. One possible explanation for
he origin of the nitrogen is if the progenitor of SN 2020acat was a

assive enough star, then some nitrogen may still remain from the
elium-burning stage and appears in the spectra as weak N II features.
uture work on modelling the evolution of SN 2020acat is required

o investigate the potential presence of nitrogen in its spectra at early
pochs. 
NRAS 513, 5540–5558 (2022) 
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pectroscopic data will be made available on the Weizmann Interac- 
iv e Superno va Data Repository (WISeREP; Yaron & Gal-Yam 2012 ) 
t https:// wiserep.weizmann.ac.il/ . Photometric data are available as 
upplementary data, and is organized by the telescope used to obtain 
he data. The files includes data from Asiago, ATLAS, LCO, LT, 
OT, Swift , and ZTF. 
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