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ABSTRACT

Context. Type IIb supernovae (SNe IIb) are stellar explosions whose spectra reveal transitional features between hydrogen-rich (Type II) and
helium-rich (Type Ib) SNe. Their progenitors are massive stars that were mostly stripped of their hydrogen envelope, likely through binary
interaction and/or strong stellar winds. This makes such stars key tools in studies of the late stages of the evolution of massive stars.

Aims. We present an extensive photometric and spectroscopic follow-up campaign of the Type IIb SN 2022ngb. Through the detailed modeling
of this dataset, we aim to constrain the key physical parameters of the explosion, infer the nature of the progenitor star and its environment, and
probe the dynamical properties of the ejecta.

Methods. We analyzed photometric and spectroscopic data of SN 2022ngb. By constructing and modeling the bolometric light curve with semi-
analytic models, we were able to estimate the primary explosion parameters. The spectroscopic data were compared with those of well-studied
SNe IIb and NLTE models to constrain the properties of the progenitor and the structure of the resulting ejecta.

Resuits. SN 2022ngb is a low-luminosity SN IIb with a peak bolometric luminosity of Lgy = 7.76*] 45 X 10*' ergs™ and a V-band rising time
of 24.32 + 0.50 days. The light curve modeling indicates an ejecta mass of ~2.9—-3.2 M, an explosion energy of ~1.4 x 10°! erg, and a low
synthesized *°Ni mass of ~0.045M,. The nebular phase spectra exhibit asymmetric line profiles, pointing to a nonspherical explosion and an
anisotropic distribution of radioactive material. Our analysis reveals a relatively compact stripped-envelope progenitor with a pre-SN mass of
approximately 4.7 My, (corresponding to a 15-16 My ZAMS star).

Conclusions. Our analysis suggests that SN 2022ngb originated from the explosion of a moderate-mass relatively compact, stripped-envelope star

in a binary system. The asymmetries inferred from the nebular phase spectral line features indicate the occurrence of a nonspherical explosion.

Key words. supernovae: general — supernovae: individual: SN 2022ngb — galaxies: individual: UGC 11380

1. Introduction

Massive stars, with initial masses greater than approximately
8 Mg, come to the last phase in their evolution as a spectac-
ular explosion known as a core-collapse supernova (CCSN;
Heger et al. 2003; Woosley et al. 2002; Janka 2012). Incapable
of generating enough pressure to support itself against its own
immense gravity, the core undergoes a catastrophic collapse until
it reaches nuclear densities. The subsequent rebound of the core
launches a powerful shockwave that travels outwards, disrupt-
ing the stellar envelope and releasing a tremendous amount of
energy (Woosley & Weaver 1986). Observationally, CCSNe are
broadly classified based on their spectral features. Supernovae
that exhibit prominent hydrogen lines are classified as Type II.
Conversely, those that lack hydrogen are collectively referred
to as stripped-envelope supernovae (SESNe; Clocchiatti et al.
1996). This group is further subdivided into Type IIb, which
exhibit hydrogen lines only at early times; Type Ib, which
are characterized by helium lines; and Type Ic, which lack
prominent lines of both hydrogen and helium (Filippenko 1997,

* Corresponding authors: caiyongzhi@ynao.ac.cn;
x.liu@ynu.edu.cn; ypyang@ynu.edu.cn

Modjaz et al. 2019). The progenitors of SESNe are massive stars
that have lost part or all of their outer hydrogen-rich enve-
lope prior to explosion. The envelope stripping is thought to
occur primarily through two main channels: powerful stellar
winds, such as those from a Wolf-Rayet (WR) star (Smith 2014;
Crockett et al. 2008), or mass transfer to a companion in a binary
system, for instance, through Roche-lobe overflow (Ritter 1988;
Maund et al. 2004; Reguitti et al. 2025).

Type IIb events belong to a subcategory of SESNe and
are considered transitional objects because their early-time
spectra are dominated by hydrogen lines. However, in the late
phase, the spectra of SNe IIb share similarities with those of
Type Ib SNe (Filippenko 1988). Due to the properties of the
remaining thin hydrogen envelope, SNe IIb show a variety
of light curves and spectra. The subcategories of compact
SNe IIb (cIIb) and extended SNe IIb (ellb) can produce
single-peaked and double-peaked light curves, respectively
(Chevalier & Soderberg 2010). In a double-peaked scenario, the
first peak is mainly attributed to the cooling phase after shock
breakout (Nagy & Vinké 2016; Dessartetal. 2018), while
the secondary peak is powered by radioactive decays (Arnett
1982; Arnett & Fu 1989) and recombination (Nagy et al.
2014; Nagy & Vinké 2016). Double-peaked features
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in the light curves of SNe IIb are common, as exemplified
by well-studied objects such as SN 1993J (Richmond et al.
1994; Barbonetal. 1995), SN 2011fu (Kumar et al. 2013),
SN 2013df (Morales-Garoffolo et al. 2014; Dyk et al. 2014),
SN 2016gkg (Tartaglia et al. 2017), and SN 2024aecx (Zou et al.
2025). In contrast, single-peaked targets (or those with
a faint shock cooling phase) seem to be less common,
with examples including SN 2008ax (Crockett et al. 2008;
Pastorello et al. 2008; Taubenberger et al. 2011), SN 2015as
(Gangopadhyay et al. 2018), SN 2022crv (Gangopadhyay et al.
2023), and SN 2024abfo (Reguitti et al. 2025). The progenitors
of a Type clIb SNe are typically characterized by a small radius
(~10'"'cm) and a higher mass before the explosion, whereas the
progenitors of Type ellb SNe generally have an extended radius
(~10'3 cm) and a lower mass (Barmentloo et al. 2024).

In SNe IIb, both asymmetric explosions and the mixing
of ejecta contribute to the diversity in the observed spectra
and light curves (Bersten et al. 2012; Jerkstrand et al. 2015;
Fang et al. 2024). This mixing process is driven by convective
(Kifonidis et al. 2006) and Rayleigh-Taylor instabilities, the lat-
ter of which locally push elements from the interior of the ejecta
to the surface (van Baal etal. 2024). An asymmetric explo-
sion, powered by neutrinos and influenced by intrinsic progen-
itor characteristics such as spin and magnetic fields (Fang et al.
2024), leads to a distinct ejecta geometry: a toroidal-like distri-
bution for oxygen and a poloidal distribution for ashes of explo-
sive burning such as calcium. This geometry creates unique,
viewing-angle-dependent features in nebular phase spectra, for
example, the different emission line shapes for oxygen and cal-
cium. Maeda et al. (2006) and van Baal et al. (2024) found that
magnesium and oxygen share a similar distribution, which is
consistent with the scenario described above. Calcium, however,
originates from explosive burning and thus serves as a more
direct probe of the explosion asymmetry.

In this paper, we present an analysis of the photomet-
ric and spectroscopic observations and theoretical modeling of
SN 2022ngb, a Type IIb SN in UGC 11380. Section 2 provides
the basic parameters of SN 2022ngb and outlines the data reduc-
tion procedures. In Sect. 3, we analyze the photometric evolution
and apply a simple model based on a modified Arnett formal-
ism and a two-component structure (Arnett 1982; Arnett & Fu
1989; Nagy et al. 2014; Nagy & Vinké 2016). The spectroscopic
evolution is detailed in Sect. 4, where we compare the spectra
of SN 2022ngb with those of other SNe IIb. Furthermore, we
describe our use of synthetic spectra generated by NLTE mod-
els (Jerkstrand et al. 2015; Barmentloo et al. 2024; Dessart et al.
2016) to constrain the progenitor. A detailed discussion of the
physical properties of the progenitor, the explosion, and the
resulting remnant is presented in Sect. 5. Finally, we summarize
our findings in Sect. 6.

2. Distance, reddening, and host galaxy

SN 2022ngb (ATLAS22res) was first reported by the Aster-
oid Terrestrial-impact Last Alert System (ATLAS; Tonry et al.
2018a,b; Smith et al. 2020) on June 21, 2022, corresponding
to MJD 59751.48. The discovery magnitude was 18.878 in the
ATLAS orange (o) band. The J2000 coordinates of the transient
are RA = 18"56™51°.48 and Dec = +36°37°07"/82 (Tonry et al.
2022). SN 2022ngb exploded in UGC 11380, 18”729 south and
5’727 east from the galaxy center (see Fig. 1).

Making comparisons between an early spectrum of
SN 2022ngb and archival spectra using the SNID tool
(Blondin & Tonry 2007) a Type IIb SN classification was
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Fig. 1. Composite BVr-band image constructed from images obtained
with the NOT/ALFOSC. The location of SN 2022ngb with the host
galaxy UGC 11380.

initially proposed by Izzo etal. (2022). According to SIM-
BAD (Wenger et al. 2000) and the NASA/IPAC Extragalac-
tic Database (NED; Helouetal. 1991), UGC 11380 is an
Sab galaxy (de Vaucouleurs et al. 1991). It has a redshift of
z = 0.00965 + 0.00006 (Masters et al. 2014). The distance to
the galaxy, derived using the Tully-Fisher relation (Tully et al.
2016), is 32.2 + 2.8 Mpc (Kourkchi et al. 2020), which corre-
sponds to a distance modulus of u = 32.5 + 0.2 mag.

The total line-of-sight reddening, E(B — V)total, is the sum of
the foreground component from the Milky Way (E(B — V)mw)
and the internal component from the host galaxy (E(B — V)post)-
The Milky Way (MW) foreground reddening is E(B — V)yw =
0.085 mag (Schlafly & Finkbeiner 2011). To estimate the host
galaxy reddening, we measured the equivalent width (EW) of
the Na I D absorption line in our early spectra (-21.1 days
from V-band maximum). The measured Na I D EW at the host
galaxy redshift is found to be very similar to that of the MW
foreground absorption (both are around ~3.3 A), thus E(B —
Vhost ® 0.085 mag. This yields an approximate total reddening
of E(B — V)1ota = 0.170 mag. A summary of these properties is
presented in Table 1.

3. Photometric analysis
3.1. Apparent magnitude light curves

We obtained optical and near-infrared (NIR) photometric data
for SN 2022ngb. The observations were carried out in the opti-
cal BgcVroiz bands and the NIR JHK bands. The photometric
data reduction process is described in Appendix B. The result-
ing apparent magnitude light curves are shown in Fig. 2, as for
BVJHK bands, we took advantage of Vega mags, whereas we
used AB mags for the gcvroiz bands. Our optical monitoring
of SN 2022ngb spanned approximately 280 days, yielding well-
sampled light curves. In contrast, the NIR observations covered
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Table 1. Information of SN 2022ngb and the host galaxy UGC 11380.

Item Value Source

SN 2022ngb:
RA (J2000) 18"56™51°.48 1
Dec (J2000) +36°37°07"/82 1
Explosion epoch (MJD) 59749.9 + 0.5 Section 3
Discovery date (MJD) 59751.48 1
Type b 2
E(B - V)uw 0.085 mag 3
E(B — V)post 0.085 mag Section 2

UGC 11380:
Type Sab 4
Redshift 0.00965 + 0.00006 5
Distance 32.2 + 2.8 Mpc 6
Distance modulus 32.5 +0.2mag 6

Notes. 1 = Tonryetal. (2022); 2 = Izzoetal. (2022); 3 =

Schlafly & Finkbeiner (2011); 4 = https://ned.ipac.caltech.
edu/ ; 5 = Masters et al. (2014); 6 = Kourkchi et al. (2020).

only the declining phase. Using observations from the ATLAS
survey, we constrained the explosion epoch to be the midpoint
between the last nondetection (an upper limit in the o-band) at
MIJD 59749.52 and the first detection at MJD 59750.38. This
yields an explosion epoch of MJD 59749.9 + 0.5. A summary of
the features of the apparent light curve is provided in Table A.2.

The optical light curves enable us to obtain a precise deter-
mination of the peak parameters in each band. To this end, we
fit the light curve around the time of maximum brightness in
each band using a Legendre polynomial. In the V band, the
epoch of maximum light is determined to be MJD 59774.22 +
0.06, with a peak apparent magnitude of my = 16.74 + 0.01.
Accounting for the explosion epoch (MJD 597499 + 0.5), a
rise time (from explosion epoch to radioactive powered peak)
in the V band of 24.32 + 0.50 days was estimated. This value
is slightly longer than the rise times of other SNe IIb such as
SN 2008ax (20.7 days; Pastorello et al. 2008), SN 2011fu (23.4
days; Morales-Garoffolo et al. 2015), SN 2013df (20.15 days;
Morales-Garoffolo et al. 2014), and SN 2024abfo (22.1 days;
Reguitti et al. 2025). The same fitting procedure was applied to
all other optical bands, revealing a trend in which bluer bands
have longer rise times (see Table A.2).

The early-time light curve of SN 2022ngb exhibits a rapid
initial decline in the ATLAS ¢ and o bands. This feature is
identified as the shock breakout cooling emission, frequently
observed in SNe IIb. As shown in the right panel of Fig. 2,
this decline phase lasts approximately 3 days. While this phe-
nomenon has been observed in other SNe IIb such as SN 1993]
(Richmond et al. 1996), SN 2011fu (Kumar et al. 2013), and
SN 2013df (Szalai etal. 2016), the shock cooling emission
of SN 2022ngb is notably faint, similarly to SN 2022crv
(Gangopadhyay et al. 2023) and SN 2024abfo (Reguitti et al.
2025). This implies that the progenitor of SN 2022ngb possessed
likely a compact and thin envelope. This case is also distinct
from SNe that show marginally detectable shock cooling peak
such as SN 2008ax (Pastorello et al. 2008; Roming et al. 2009)
and SN 2020acat (Medler et al. 2022; Ergon et al. 2024), which
are thought to originate from progenitors that were almost com-
pletely stripped of their hydrogen envelopes.

We calculated the post-maximum decline rates of the appar-
ent light curves in each optical band using a simple linear fit.

The rate of decline was measured over two distinct epochs: the
first 15 days (y0-15) and the period between 15 and 100 days
(v15-100)- The resulting rates, listed in Table A.2, show a clear
wavelength dependence: bluer bands such as B and g decline
more steeply than redder bands, such as V, r, o, i, and z. This
trend is a known consequence of the temperature evolution of
the supernova ejecta. As the photosphere cools, its blackbody-
like emission peak shifts towards redder wavelengths, leading to
a more pronounced drop in flux in the blue part of the spectrum.
This physical process is entirely consistent with the observed
reddening in the color evolution.

At a later phase (from 15 to 100 days), the trend is reversed.
The decline in the blue bands becomes significantly slower and
the decline rate systematically increases with wavelength, from
0.77 mag x (100d)~! in the B band to 1.94 mag x (100d)™! in
the z band'. This transition marks the period in which the pho-
tosphere rapidly recedes through the ejecta in the co-moving
frame, driven by widespread recombination (Nagy et al. 2014).
The ejecta become increasingly transparent, especially at shorter
wavelengths. This allows photons powered by the radioactive
decay of >°Co in the deeper, inner regions to escape, thus slowing
the photometric decline in the blue bands (Kumar et al. 2013).
Meanwhile, the faster decline in the red bands also indicates the
potential opening of efficient cooling channels through growing
nebular emission lines in the late transition phase (van Baal et al.
2023).

3.2. Absolute light curves

SNe IIb exhibit generally consistent luminosities of the radioac-
tive decay powered peak, in the range between —16.5 mag and
—18 mag (Taddia et al. 2018; Stritzinger et al. 2018). This diver-
sity is attributed to the wide range of ejecta parameters. We
applied the reddening correction and distance modulus to the
apparent light curves of SN 2022ngb to derive the absolute
light curves. The peak absolute magnitude of SN 2022ngb in
the V band is My = -16.33 + 0.19 mag. Figure 3 presents
the absolute V-band light curves of SN 2022ngb and a sam-
ple of comparison SNe. It is evident that the peak abso-
lute magnitude of SN 2022ngb is fainter than of other SNe
IIb, such as SN 1993J (-17.57 + 0.24 mag; Richmond et al.
1994), SN 2008ax (—17.61 + 0.43 mag; Morales-Garoffolo et al.
2014), SN 2011dh (-17.12 + 0.18 mag; Sahuetal. 2013),
SN 2011fu (-18.50 + 0.24mag; Kumaretal. 2013), and
SN 2022acat (—17.62 = 0.01 mag; Medler et al. 2022). In con-
trast, the absolute light curve of SN 2022ngb resembles those
of less luminous objects, such as SN 2013df (-16.85 =
0.08 mag; Szalai et al. 2016), SN 1996¢b (—16.22 mag; Qiu et al.
1999), SN 2011ei (—16.0 mag; Milisavljevic et al. 2013), and
SN 2024abfo (—-16.32 mag; Reguitti et al. 2025). This suggests
that the radioactive energy input of SN 2022ngb is lower than
that of the more luminous events.

3.3. Color evolution

The intrinsic color evolution of SN 2022ngb, presented in Fig. 4,
is compared with those of SN 1993J, SN 2008ax, SN 201 1dh,
SN 2011fu, SN 2013df, SN 2015as, SN 2016gkg, SN 2020acat,
SN 2021bxu, and the color evolution template of SNe IIb from
Stritzinger et al. (2018, hereafter S18). All color curves have

! The NIR bands were excluded from the analysis of the decline rates
because of their poor sampling.
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Fig. 2. Multiband (optical BgcVroiz and NIR JHK) light curves of SN 2022ngb, showing apparent magnitudes with arbitrary offsets. Different
colors and symbols correspond to different photometric filters, as indicated in the legend. The left panel displays the full light curve evolution,
while the right panel provides a zoomed-in view of the early-phase light curves. All photometric points include error bars that, in general, are

smaller than the marker sizes.

been corrected for reddening using the parameters listed in
Table 1.

The intrinsic (B—V)( and (g—r)g colors of SN 2022ngb were
initially redder than those of the comparison sample. During the
first two weeks after the explosion, the color of SN 2022ngb
evolved rapidly to bluer colors: the (B — V), index decreased
from 0.92+£0.10 mag to 0.52+0.02 mag, (g—r)o from 0.90+0.08
mag to 0.45 + 0.05 mag, and (r — i)g from 0.09 + 0.07 mag
to —0.58 = 0.12 mag. Following this initial blue-ward trend,
the color evolution reversed, becoming progressively redder and
reaching a peak at approximately 50 days past explosion, which
corresponds to the start of the plateau in light curve. At this
epoch, the (B—V), and (g—r)p indices reached approximately 1.5
mag, while (r — i)y peaked at about 0.3 mag and later declined
again, indicating a renewed evolution toward bluer colors. By
approximately 160 days post-explosion, the indices had fallen to
(B—-V)y = 0.66 = 0.08 mag, (g — r)o = 0.77 £ 0.06 mag, and
(r —i)p = —0.06 + 0.05 mag. We note that the decline rate of
(r — i)o, approximately 0.003 mag day~!, is slower than those of
(B - V)o and (g — r)o (~0.005 mag day~" for both). The (B - V),
and (g —r)o colors of SN 2022ngb is slightly redder than the tem-
plate of Stritzinger et al. (2018), but generally consistent with
the trend of the template, especially in the early time.

The initial evolution to bluer colors followed by a red-
ward trend is characteristic of a brief shock-cooling phase suc-
ceeded by heating from the decay of radioactive material. This
behavior suggests that SN 2022ngb originated from a rela-
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tively compact progenitor, similar to other SNe IIb such as
SN 2008ax, SN 2020acat, SN 2022crv, and SN 2024abfo. The
post-maximum color evolution indicates that the transition from
the photospheric to the nebular phase began at around 40-60
days past explosion, as the helium-rich, radioactively heated core
gradually became visible.

Despite the sparse NIR photometric sampling, the color evo-
lution is also tentatively inferred in this domain. The (J — K)o
color initially follows a similar trend as the optical colors. How-
ever, at later phases, it reddens again starting from ~140 days.
This late-time color evolution can be likely explained by an IR
echo from pre-existing dust surrounding the SN. An alternative
explanation is the potential formation of dust, which could also
contribute to the NIR bands.

3.4. Pseudo-bolometric light curves

To construct the pseudo-bolometric light curve, we first correct
the apparent magnitude in each band for reddening and then con-
verted the corrected magnitudes to fluxes with the correspond-
ing distance. The parameters for this conversion are taken from
Table 1 and the reddening correction is applied using the method
described in the previous section. We then used the SuperBol
code, as detailed in Nicholl (2018), to construct the pseudo-
bolometric light curve.

The pseudo-bolometric flux at each epoch is calculated by
integrating the monochromatic fluxes over the optical (BgcVroiz)
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Fig. 3. Absolute V-band light curve of SN 2022ngb compared with
other SNe IIb. All light curves have been corrected for reddening and
shifted according to the distances listed in Table A.1.

and NIR (JHK) bands. The resulting pseudo-bolometric light
curve is presented in Fig. 5. The uncertainty of the pseudo-
bolometric flux was propagated accounting for the error of each
photometric point and the error introduced by the interpolation.
The complete pseudo-bolometric light curve is constructed by
combining two separate segments: the first covers the period
from MJD 59751 to 59925 and the second covers from MJD
59925 onward. To ensure that all bands have flux measurements
at common epochs, we perform a linear interpolation for each
band with respect to a reference band. Due to data availability,
different reference bands are used for the two segments. For the
first segment, corresponding to the shock cooling phase, the o
band serves as the reference due to the lack of r-band data. For
the later segment, the r band is used as it provides better tempo-
ral coverage than the o band.

A significant limitation in the construction of our pseudo-
bolometric light curve is the lack of UV data. As noted by Arcavi
(2022), the absence of UV photometry can lead to substan-
tially underestimate the total bolometric flux, particularly dur-
ing the early phases. This issue is highlighted in recent studies
of CCSNe. For example, research on SN 2024ggi (Chen et al.
2024) and SN 2023ixf (Teja et al. 2023) suggests that both UV
and NIR bands can contribute significantly to the total flux. The
exclusion of these bands can also lead to a lower temperature
in the proximity of the maximum light. Consequently, our cal-
culated pseudo-bolometric luminosity of SN 2022ngb at max-
imum, Ly ~ 7.85 x 10*! ergs™!, should be regarded as a
lower limit to the real luminosity. Furthermore, the impact of
the missing UV contribution is time-dependent. The study on
SN 2020acat by Medler et al. (2022) showed an UV contribu-
tion of about 30% during the early stages. However, the same
study indicated that this contribution becomes negligible after
approximately 50 days. This finding implies that our luminosity
estimates for SN 2022ngb can be largely underestimated during
the early phases of its evolution.

The sparse temporal coverage of our NIR data, particularly
during the early phases and around the peak brightness, intro-
duces an additional source of uncertainty in the construction of
our pseudo-bolometric light curve. For the early stages, stud-

ies of SN 2020acat indicate that the NIR bands contribute lit-
tle to the total pseudo-bolometric flux. However, extrapolating
from later epochs to fill these early gaps may lead to an overes-
timation of the pseudo-bolometric flux. Conversely, in the later
stages of the evolution, the NIR contribution increases dramati-
cally, reaching approximately 40%. This means that at late times,
the bolometric flux becomes highly dependent on the NIR mea-
surements. In this case, extrapolation of the sparse late-time NIR
data can introduce significant errors in the pseudo-bolometric
flux. As a result, the bolometric data at late stages (phase > 140
days) should be used with caution when deriving physical prop-
erties, as they may lead to biased results.

An additional pseudo-bolometric light curve, constructed
using only optical data, is also provided in Fig. 5. The individual
contributions of the optical and NIR bands to the full pseudo-
bolometric light curve are shown in the lower panel. For the ear-
liest stages, the NIR contribution could not be calculated due to a
lack of data. As shown in the figure, the optical bands dominate
the bolometric flux throughout the evolution of SN 2022ngb,
particularly in the early stages. The NIR contribution increases
from approximately 10% to a peak of nearly 45% at around 60
days, and then begins to decrease slowly. This evolutionary trend
is similar to that observed in SN 2020acat (Medler et al. 2022).

Figure 6 shows the pseudo-bolometric light curves of SNe
2008ax, 2011dh, 2011fu, 2013df, 2015as, 2016gkg, 2020acat,
and 2021bxu for comparison with SN 2022ngb. The pseudo-
bolometric luminosities for each SN were estimated using only
optical bands (from B to z) to ensure a consistent comparison
by excluding the influence of the NIR and UV bands. This com-
parison reveals a wide range of evolutionary behaviors within
the sample, in particular in the peak luminosity. SN 2022ngb
exhibits a relatively low peak luminosity, indicating a smaller
Mpy; value. Furthermore, its evolution closely follows those of
SN 2020acat, SN 2015as, and SN 2008ax, all of which dis-
play light curves with a faint or absent early shock-cooling
phase. In contrast, SNe IIb such as SN 2011fu, SN 2013df, and
SN 2016gkg show prominent double-peaked features, suggest-
ing a more evident contribution from the expanded progenitor’s
envelope for these objects than for SN 2022ngb.

3.5. Light curve modeling

The bolometric light curve of SN 2022ngb, constructed by
applying a black-body (BB) correction to the pseudo-bolometric
light curve. Using the data of each bands to fit the SED of black-
body, it was modeled using both an Arnett-like approximation
(Arnett 1982; Arnett & Fu 1989; Chatzopoulos et al. 2012) and
the two-component LC2 model (Nagy & Vinké 2016). Follow-
ing the methodology applied to SN 2015as (Gangopadhyay et al.
2018) and SN 2024abfo (Reguitti et al. 2025), we assumed the
SN is powered by the *Ni —°° Co —3¢ Fe radioactive decay
chain during the main luminosity peak. Under this assump-
tion, the bolometric light curve can be described by Arnett’s
model. As suggested by Gangopadhyay et al. (2018), the mass of
Ni can be estimated from the peak luminosity (Prentice et al.
2016) and the rise time of the bolometric light curve can serve
as an approximation for the diffusion timescale. Based on the
observational data for SN 2022ngb, we first applied Arnett’s
rule to estimate the initial model parameters. For this calcula-
tion, we assumed an idealized scenario: the ejecta expansion is
spherically symmetric and homologous, and the opacity is con-
stant (Arnett 1982). We also assume that the radioactive mate-
rial is located at the center of the ejecta, without any hydro-
dynamic mixing (Arnett & Fu 1989; Arnett 1982). Under these
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Fig. 4. Intrinsic color evolution of SN 2022ngb, compared with a sample of SNe IIb. The color curves are corrected for a total line-of-sight
extinction. The black lines over-plotted with gray area around represent the color evolution template from Stritzinger et al. (2018).

simplifying assumptions, the diffusion time 7, and Kkinetic
energy can be expressed as

2kM, €j
Bcvpn

Here, 8 = 13.8 is the integration constant in Arnett’s model
(Arnett 1982; Valenti et al. 2008). Following the methodology
applied to SN 2015as, we assumed the diffusion timescale (7,,)
is coincident with the observed bolometric rise time; hence,
T, = 28.96days. The opacity, «, is assumed to be dominated
by electron scattering. For the He-rich ejecta of SNe IIb, cal-
ibrations against SNEC hydrodynamic models suggest an aver-
age opacity of 0.19 + 0.01 cm? g~! (Nagy 2018; Nagy & Vinké
2016). We therefore adopt « values in the range between 0.18
and 0.2cm?g~!. These inputs yield a derived ejecta mass in
the range from M = 2.91 My, to 3.23 M,. The corresponding
kinetic energy is E; ~ 1.4x10°! erg. We noted that the longer rise
time of SN 2022ngb suggests a larger ejecta mass, as this would
increase the photon diffusion timescale. For comparison, previ-
ous studies of SNe (e.g., based on SN 2015as and SN 2020acat)
adopted a lower opacity range from 0.06 cm? g~! to 0.1cm? g~
However, when applying such a value, which is more typical of
H- and He-poor Type Ic SNe (Nagy 2018), to SN 2022ngb yields
physically unrealistic values for the ejected mass and the explo-
sion energy, supporting our choice of a higher opacity dominated
by electron scattering.

The mass of synthesized °Ni can be estimated from the dif-
fusion time of the light curve, 7,,, and its peak bolometric lumi-
nosity, Loipeak- According to Arnett’s rule, it is approximated
that the luminosity at the time of the peak (t = 7,,) equals to the
instantaneous rate of energy deposition from radioactive decay.
This relationship is expressed as

Lpol(Tim) = Ling(Tn) = Mil(eni — €co)e™ ™™ + ecoe™™/™]. (2)

Here, ey; = 3.9% 10'%ergs™'g™! and ¢, = 6.78 x 10° ergs~'g~!
are the specific energy generation rates for the decay of *Ni and

T = . Ex=03Mgu), . (D
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Fig. 5. Pseudo-bolometric light curve of SN 2022ngb. Top panels: Light
curve constructed using optical and NIR data only. Bottom panels: Evo-
lution of the contribution of the individual wavelength ranges (blue cor-
responds to the optical and the red to NIR) with time of the pseudo-
bolometric luminosity. The blue points stand for the pseudo-bolometric
light curve solely constructed using optical data, while the red points
represent the pseudo-bolometric light curve constructed with optical
and NIR data.

Co, respectively, while 7y; = 8.8 days and 7¢, = 111.3days
represent the characteristic decay timescales for these isotopes.
Using the observed diffusion time, 7,, = 28.5days, and peak

bolometric luminosity, Lo, peak = 7.76f}:(1)(5) x 10*! erg s7!, this

simple model yields a *Ni mass for SN 2022ngb in the range
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Fig. 6. Pseudo-bolometric light curve of SN 2022ngb, shown along-
side a sample of SNe IIb. To ensure the validity of the comparison, the
pseudo-bolometric light curves for all events were constructed by inte-
grating the flux only over the photometric bands common to the entire
sample.

from 0.05 Mg to 0.06 M. However, as suggested by Nagy et al.
(2014), energy released from hydrogen recombination can also
contribute to the bolometric luminosity. This mechanics can be
expressed as Lpoi(f) = Laig(f) + Lrec(?), where the Ly repre-
sents the diffusion luminosity mainly contribute by radioactive
decay and L. represents the recombination contribution. Fol-
lowing the approaches provided by Nagy et al. (2014), the Ly,
can be expressed as

2 .
ditrec = 47U"rec,0(7‘, Dé€recdriec;

Liec = trec. 3
Here, the u,. is the energy contribute by recombination and €.
is the recombination energy release per unit mass. The recom-
bination front, r., is located at the radius, where T'(r, ) =
Ttec. Therefore, the value derived using the simple Arnett’s rule
should be considered an upper limit for the S°Ni mass.

To obtain a more precise estimate, we fit the bolometric light
curve using a slightly modified Arnett’s model with the contri-
bution of recombination. This model improves upon the sim-
ple approximation by incorporating gamma-ray leakage and the
energy contribution from recombination. For the fitting process,
we adopted standard assumptions, including a small initial radius
and negligible initial thermal energy. The best-fit model yields a
36Ni mass of 0.045 My, an ejecta mass of 3.2 My, and an initial
kinetic energy of 1.34 x 10°! erg. This refined *°Ni mass is, as
expected, lower than the upper limit derived earlier. These phys-
ical parameters suggest a massive progenitor and an relatively
energetic explosion, similar to SN 2020acat (Ey = 1.4x 10! erg;
Ergon et al. 2024). The resulting 3*Ni mass is also comparable
to that of SN 2024abfo (My; ~ 0.045 M; Reguitti et al. 2025),
which exhibited a similar peak luminosity. The best-fit model is
shown in Fig. 7.

The two-component model from Nagy & Vinké (2016),
specifically developed for SNe IIb, is adopted to obtain a more
precise estimate of the parameters of SN 2022ngb. This model
consists of a dense, He-rich core, powered by S6Ni — °Co
decay, and an extended, low-mass, H-rich shell, powered by
shock-cooling emission at early times. For SN 2022ngb, the

early shock-cooling phase appears faint, with its contribution
likely confined to the first few days (~3 days from explosion).
Thus, the bolometric light curve is primarily dominated by the
emission from the He-rich core. For the fitting process, we
adopted fixed opacity values for each component. Based on its
H-rich composition, the shell opacity was set to kg, = 0.3 cm?
g~!. For the He-rich core, we used k., = 0.195 cm? g~! follow-
ing the previous estimation. Considering the parameters of our
previous Arnett-like model, the resulting model and its param-
eters are presented in Fig. 7 and Table A.3, along with those of
other SNe IIb whose parameters were inferred through the for-
mer Arnett-like model.

To estimate the mass and the radius of the hydrogen-rich
envelope, we adopted the analytical model for shock-cooling
emission described in Piro et al. (2021). From the observed bolo-
metric light curve, we noted that the initial cooling phase tran-
sitions to a radioactively powered rise at approximately +5 days
after the explosion. Following the methodology of recent stud-
ies (e.g. Gangopadhyay et al. 2018; Reguitti et al. 2025), we
used this transition time as an observational proxy for ?,,, the
timescale for the photosphere to recede through the extended
material. Therefore, we adopted #,, =~ 5days. For the transi-
tion velocity v;, we used the Ha velocity of 19500km s~ mea-
sured from our earliest available spectrum at +4.16 days from
the explosion. We cautioned that this value should be considered
a lower limit on the true transition velocity, as the photosphere
had likely receded into slower moving ejecta by this epoch. For
the opacity, we use a value typical for a hydrogen-rich shell,
which ranges from 0.3cm?g™! to 0.4cm? ¢! (Nagy & Vinké
2016; Nagy 2018). Consequently, the envelope mass can be esti-
mated using the following formula from Piro et al. (2021):

2n-1, , n(n — D)ev? [1,\4/ @D
3 kK Tpnvis L0 = 3(n -5« ( t )
Adopting the standard parameters n = 10 and K = 0.119 for the
power-law density profile of the envelope (Chevalier & Soker
1989; Piro et al. 2021), the mass of the hydrogen-rich envelope
of SN 2022ngb was estimated as ~0.05 M. We then estimated
the initial envelope radius, R,., using a shock-cooling model
based on the early bolometric data. In this model, the emis-
sion is governed by the diffusion timescale of the envelope,
td.env = V3kKM,/[[(n — Ducc]. Applying this model to the obser-
vation at MJD 59751.5, when the SN luminosity was Lg, =
9.84 x 10" ergs™!, yielded an initial radius of R, ~ 10'' cm,
suggesting a relatively compact progenitor, similar to that of SN
2022crv. However, as noted by Reguitti et al. (2025), radius esti-
mates derived from the faint, early-stage shock cooling emis-
sion can be unreliable. Therefore, the value derived here should
be considered an order-of-magnitude estimate. A more accurate
determination would likely require a direct observation of the
progenitor (not available in our dataset).

We present the detailed best-fit parameters for SN 2022ngb
and other comparisons objects, as derived from the two-
component and Arnett’s approximation models in Table A.3. The
core properties derived for SN 2022ngb are consistent with those
of the comparison sample. In contrast, the properties of the outer
shell differ significantly, suggesting a thinner, lower-mass resid-
ual hydrogen envelope (see Sect. 5.1).

To provide a complementary and self-consistent verification
of the parameters derived from our semi-analytical modeling,
we applied the scaling relations from Pumo et al. (2023). Adopt-
ing the methodology of Medler et al. (2021) for reference selec-
tion, we utilized a set of well-characterized SESNe. Specifi-
cally, we selected the He-rich Type IIb and Ib events SN 1993],

My =

R.. “
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Fig. 7. Bolometric light curve fitting result for SN 2022ngb (red dots).
The black solid line stands for the fitting result of the two-component
model. Green and blue dashed lines stand for the contribution of the
He-rich core and the H-rich shell, respectively. The cyan solid line is
the result of the Arnett-like model fitting result. The inset shows the
bolometric light curve of SN 2022ngb along with the fitting result up to
~50 days from explosion.

SN 2003bg, and SN 2008D as primary references, and include
the He-poor Type Ic events SN 2004aw and SN 2002ap for com-
parison. The scaling relations can be described as

oV e \3 o\
e opt
s (2 w22
Tm,ref Ugj,ref Kopt,ref
2 -2
Tm Uej Kopt
Mej = Mej’ref X ( ) X ( X . (5)
Tm,ref Ugj,ref Kopt,ref

Following Nagy (2018), we set the opacity in our modeling
o Kopr = 0.195 cm? g~'. We incorporated the effective opac-
ity of the comparison objects derived by Medler et al. (2021)
directly into the scaling relations. This approach provides more
robust constraints than simply assuming a same opacity across
all objects. To mitigate uncertainties regarding the explosion
epoch and rise time, we utilize the light curve width?, measured
here as ~24.31 days. Applying these scaling relations using the
He-rich reference scenarios yields My = 2.6 + 2.0My and
Ex = (3.6+£2.4)x 10°! erg for SN 2022ngb. This result is consis-
tent with our previous semi-analytical modeling, suggesting that
our estimation is reasonable. A slight discrepancy arises in the
kinetic energy, which is somewhat larger than the value derived
from our modeling. We also examined the He-poor scenarios,
which resulted in a lower ejecta mass (~2.0 Mg) and a corre-
spondingly lower kinetic energy (~2.0x10%! erg). These findings
are fully consistent with the analysis presented by Medler et al.
(2021), suggesting that SN 2022ngb follows the characteristics
of typical Type IIb events.

As mentioned above, estimating the >°Ni mass through sim-
ple models may return quite uncertain values. For instance,
Dessart et al. (2016) note that when an Arnett-like model is
applied to SESNe, the mass of *°Ni can be overestimated by as

2 Defined as the width of the BgVri pseudo-bolometric light curve at
0.5 magnitude below peak brightness.
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much as 40% (see, also, Medler et al. 2021, 2022), as the dif-
fusion of °Ni in the ejecta is neglected in Arnett-like models.
In this case, the Y°Ni mass of SN 2022ngb might be lower, of
~0.03 M. To provide a more accurate result, we used SN 1987A
as a reference, which has a well-constrained °Ni mass of
0.075M,. According to Ravi et al. (2025), the mass of ®Ni can
be estimated with the following equation:

1 - exp(=(530/02)  L(t)
1 —exp(—(To/1)*) Liogza(t)

Here, T\ represents the timescale of gamma-ray leakage (cf.
530 days for SN 1987A; Jerkstrand 2011), which is crucial
for the late-time light curve of SESNe (Clocchiatti & Wheeler
1997). This returned a *Ni mass of 0.035 + 0.008 M, in good
agreement with our previous estimate. Following Sukhbold et al.
(2016), a *°Ni mass of 0.04 My, and an ejected mass of 3.0 Mg
would favor an intermediate-mass progenitor, with an Mzams
around 15 Mg, hence generating a compact remnant with a mass
of about 1.5Mg. Thus, the progenitor of SN 2022ngb is likely
similar to those of SN 2020acat (~17 My; Ergon et al. 2024) and
SN 2008ax (~18 Mg; Folatelli et al. 2015).

(6)

Myi = Mni 1987

4. Spectroscopy
4.1. Spectral evolution

We present the full set of spectra of SN 2022ngb in Fig. 8. The
log of the spectroscopic observations is provided in Table 2. All
spectra were flux-calibrated with the photometric data and cor-
rected for MW and host galaxy reddening and redshift. The spec-
tra cover a period from 21.1 days before to 227.8 days after the
V-band maximum, with the latest data extending into the nebular
phase. Narrow emission lines unresolved, such as Ha, HB, [N 11]
A16548,6583 A, and [S11] 116716,6731 A, originate from H1I
regions in the host galaxy.

In the early phases (-21.1, —19.1, and —14.6 days from V-
band maximum), the SN exhibits a relatively blue continuum.
Throughout its evolution, the continuum gradually becomes red-
der, until prominent emission lines show up in the late-phase
spectra (+68.4 days since V-band maximum and later), marking
the transition to the nebular phase.

In the first two spectra, we noticed several broad lines with
a P Cygni profile, such as Ha, HB, SiIl, and a barely detectable
Hel 5876 A feature (see Sect. 4.2, for more details). Starting
from around —14 to —12 days, several broad metal lines appear
on the blue side of the spectrum, exhibiting strong P Cygni
profiles indicative of fast-expanding ejecta. From —14.6 days
onward, the blue region of the spectra is dominated by Fe II, with
blended absorption lines of ScII and Ti 1. Additionally, a blue-
shifted Ca11 H&K feature is visible at around 3800 A. As the SN
evolves, the HeT lines become more prominent, while the Ha
line begins to fade after +32.5 d. This behavior is characteristic
of the spectral evolution of a SN IIb, suggesting the presence of
a thin hydrogen layer overlying a He-rich core.

A transitional phase begins at around +32.5 days post V-
band maximum, as the outer ejecta become increasingly trans-
parent and prominent emission lines emerge. As the photosphere
retreats, the Balmer lines progressively weaken and become nar-
rower. The He line, in particular, diminishes while He I absorp-
tion becomes dominant from +68.4 days onward, causing the
spectra to evolve into a Type Ib-like appearance. This evolu-
tionary path is consistent with observations of other SNe IIb
(see, e.g. Medler et al. 2022). With evolution, strong forbidden
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Fig. 8. Spectroscopic evolution of SN 2022ngb, with prominent spectral features marked with vertical lines. The phase (from V-band maximum)
of each spectrum and associated instruments are indicated on the right. The major telluric bands are marked with a telluric symbol at the top.

Table 2. Spectroscopic observations of SN 2022ngb.

Date MJID Phase”  Telescope+Instrument Grism/Grating+Slit Spectral range Resolution Exp. time
(days) A) @A) ®)
20220623 597534  -21.1 HET + LRS2 UV+orange 3640-6950 R =1910;R = 1140 1800
20220624 597554  -19.1 TNG + LRS LRB+LRR+1.5" 3260-10340 14;15 1500
20220629 59760.0 —-14.6  Copernico + AFOSC VPH6+VPH7+1.69” 3160-9300 14 2400
20220701 597619 -12.6  Copernico + AFOSC VPH6+VPH7+1.69” 3160-9300 14 2400
20220712 59772.2 -23 NOT + ALFOSC gm4+1.0" 3400-9710 14 1800
20220718  59779.4 +4.9 TNG + LRS LRB+LRR+1.5” 3260-10350 13.5;15 2100
20220730  59790.1  +15.6 NOT + ALFOSC gmé4+1.3" 3400-9630 18 1800
20220807  59799.0 +24.4 NOT + ALFOSC gm4+1.0" 3400-9710 14 1800
20220816  59807.0  +32.5 NOT + ALFOSC gmé4+1.0" 3430-9700 14 1800
20220822 59814.0  +39.5 GTC + OSIRIS R1000B+R1000R+1.0”  3630-10400 7512 900
20220824 59815.6  +41.1 TNG + LRS LR-B+1.0” 3260-7960 11 1800
20220920 59843.0 +68.4 GTC + OSIRIS R1000B+R1000R+1.0”  3670-10400 7;12 1200
20221017 598699 +95.4 GTC + OSIRIS R1000B+R1000R+1.0”  3630-10400 7;13 1600
20221027 59879.7 +105.2  Copernico + AFOSC GR04+1.69” 3410-8200 13 3600
20221128 59911.8 +137.3 GTC + OSIRIS R1000B+R1000R+1.0”  5090-10400 8;13 1350
20230227 60002.3 +227.8 GTC + OSIRIS R1000B+R1000R+1.0”  5030-10400 8;13 1000

Notes. “Phases are relative to V-band maximum light.
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emission lines from [O1] and [CaIl] emerge. Additionally, the
Ca1l NIR triplet appears and strengthens significantly during this
period. These late-time spectral features, typical of the nebular
phase of a CCSN, probe the products synthesized in the core and
provide crucial constraints on the structure of the progenitor.

4.2. SYNAPPS modeling

To ensure the identification of spectral lines, we modeled an
early-phase spectrum (—19.1 days from V-band maximum) and
a spectrum around the peak (+4.9 days from V-band maximum).
Following the procedure for handling spectral identifications
in SNe IIb (e.g. Gangopadhyay et al. 2023; Zou et al. 2025),
we use SYN++ (Thomas 2013) in conjunction with SYNAPPS
(Thomas et al. 2011) to create a data-driven model for our spec-
tra, to support the identification of significant spectral features.
In this model, all photons are assumed to escape from the pho-
tosphere, a region defined by the optical depth as a function of
velocity. Our results are presented in Fig. 9. The main panel dis-
plays the observed data and the best-fit model (with and without
continuum-subtracted), while the subplots show the individual
line components constructed by SYN++ using the best-fit param-
eters. Each of these spectral lines exhibits a prominent P Cygni
profile, and the overall model well fits our observational data.

To eliminate the influence of telluric absorption and nar-
row emission lines from the host galaxy H I regions, we simply
excluded these spectral regions from the fitting process, as indi-
cated in Fig. 9. In the early-phase spectrum, we identify promi-
nent features of H, SiIl, and Ca1l. Although NaT and Fe 11 lines
were also taken into account, their contribution appears to be
negligible, and are not shown in the figure. We notice that all
Balmer lines exhibit broad and significantly blue-shifted pro-
files, suggesting rapidly expanding ejecta at a high temperature.
In this model, the best-fit photospheric velocity is 15300kms™!
and the temperature is 6500 K. This temperature is consistent
with values derived from blackbody fits to both the bolomet-
ric light curve and the spectral continuum and is also compa-
rable to that of other single-peaked SNe IIb (e.g., SN 2015as,
which had a temperature of around 8000 K at a similar epoch,
Gangopadhyay et al. 2018). In contrast, SNe IIb with prominent
double-peaked light curves (e.g., SN 1993J, SN 2024aecx) typi-
cally have higher temperatures. For instance, the photospheric
temperature of SN 2024aecx at a similar stage was around
14000K (Zou et al. 2025).

During the early phase, we observed a broad absorption fea-
ture near 6200 A mainly corresponding to the P Cygni profile of
Ha (Fig. 9). In contrast, the HB line does not exhibit a similarly
broad profile. This disparity suggests that the 6200 A feature
is not produced solely by hydrogen, a phenomenon previously
observed in other SNe IIb. We explored several possible expla-
nations for this feature. Although some studies suggest this
feature in SESNe is a blend of He, SiIl, Fell, and CI (e.g.
Elmhamdi et al. 2006; Holmbo et al. 2023), our spectral fitting
indicates that contributions from Fell and CT are negligible
in this case. Another possibility, a double-velocity component
in the He line as proposed by Milisavljevic et al. (2013) and
Medler et al. (2021), is also unlikely. We found no evidence of
two distinct absorption components in our spectrum, unlike the
early spectra of SN 2011ei and SN 2020cpg. Instead, the feature
in our spectrum resembles that observed in SN 2015as, for which
Gangopadhyay et al. (2018) attributed the broad absorption to
a combined contribution from He and Siml. We adopted this
interpretation and our synthetic spectrum provides a good fit to
the data, which is also consistent with the template spectra pro-
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vided by Holmbo et al. (2023). Our early-phase spectral model
also reproduces other observed features. We identified a faint
P Cygni profile of HeT line near 5750 A (left panel of Fig. 9),
and this feature becomes prominent around —12.6 days and —2.3
days from V-band maximum, which follows the typical spectral
evolution of Type IIb SNe. Furthermore, in the NIR region, our
model reproduces a prominent absorption feature from the Ca1l
triplet at wavelengths greater than 8000 A.

We also present the analysis of a near-maximum (+4.9 days)
spectrum, with the best-fit model shown in the right panel of
Fig. 9. On the blue side of the spectrum, below 5500 A, we iden-
tified strong Fe II features blended with Sc1I and TiIl. The pres-
ence of these features indicates a decrease in temperature, which
allows for the formation of singly ionized metal ions. Further-
more, the Ha line has become narrower compared to earlier
epochs, while the HeI absorption lines show a growing trend.
The blue side of the spectrum is dominated by metal lines, par-
ticularly Fell and the Cammt H&K (shown in Fig. 8), both of
which exhibit clear P Cygni profiles. Furthermore, we found a
strong absorption feature around 5800 A, which our fitting result
attributes to a combined contribution from both NaTI and Hel.
We also noted that a He I contribution is still present on the blue
side of the feature, although blended with metal lines.

4.3. Spectral comparison with other SNe IIb

To better characterize SN 2022ngb in the context of typical SN
IIb, we compared its spectra with those of well-studied objects
at similar phases® Individual spectra were corrected for redshift
and line-of-sight extinction. In particular, Fig. 10 shows a spec-
tral comparison of SN 2022ngb with other SNe IIb at a very
early phase (2-3 weeks before the maximum light; left panel) and
soon after peak (5-7 days after maximum; right panel). Figure 11
shows a comparison in the nebular phase (4-6 months after max-
imum). All epochs were calculated relative to the V-band maxi-
mum. Significant spectral lines are identified and marked in each
figure. For a clearer comparison, the early and near-maximum
spectra were normalized using a continuum fit. The nebular
phase spectra, were scaled by a constant factor to better high-
light key features.

The pre-maximum spectral evolution of SN 2022ngb, pre-
sented in the left panels of Fig. 10, reveals several key properties
of the explosion. The blueshift of the P Cygni absorption fea-
ture around 6200 A, which is mainly contributed by Ha and may
also be blended with Sill, indicates a high expansion velocity.
The velocity of the ejecta, which infer from possible P Cygni
absorption feature of He and Hp lines in the early phase is com-
parable to that of SN 2013df (Morales-Garoftolo et al. 2014) and
SN 2024aecx (Zou et al. 2025), although lower than that of the
more energetic SN 2020acat and SN 2008ax. A notable char-
acteristic in the early spectra is the broad P Cygni absorption
near 6200 A. As discussed in the previous section, the flat bot-
tom profile of this feature suggests a blending between the Ha
and Simt 26355 P Cygni absorption lines. Furthermore, the Call
NIR triplet is present as a prominent and broad absorption fea-
ture during this phase. In contrast, the HeT features appear sig-
nificantly weaker than those observed in other SNe IIb at com-
parable epochs.

Taken together, considering our bolometric light curve fitting
result and our previous analysis, we conclude that the ejecta of
SN 2022ngb are denser than those of other SNe IIb. In such a

3 The spectra of the comparison objects were retrieved from the WIS-
eRep database (Yaron & Gal-Yam 2012).
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Fig. 9. Early (—19.1 days from V-band maximum; top-left panel) and near maximum (+4.9 days from V-band maximum,; top-right panel) spectra
of SN 2022ngb compared with spectral models generated by SYN++. Solid lines represent the best-fit models, while the dashed lines present the
continuum-subtracted result. The most important contributing species are shown in the lower panels.

scenario, the high density would result in a higher optical depth,
keeping the photosphere in the outer layers. This would natu-
rally mask the features of the underlying helium layer. Addition-
ally, we observed strong Sill and CaIl NIR absorption features
in the early-time spectra of SN 2022ngb, which are more pro-
nounced than in other SNe IIb. The velocity of Sill 16355 is
around 13500 km s~!, while the Ca11 NIR triplet has a velocity of
~16000km s~ (both velocities result from the best-fit SYNAPPS
model).

Dessart et al. (2016) suggested that mixing phenomena com-
monly occur in Type IIb events and that an appropriate degree
of mixing enables an event to evolve along the canonical
Type IIb pathway. The strength of this mixing is a key factor.
Jerkstrand et al. (2015) suggested that mixing can push radioac-
tive clumps toward the surface of the ejecta, which in turn affects
the light curve and spectral shape. However, for SN 2022ngb,
we did not find the features typical of the strong mixing events
described in these articles. As noted in our previous light curve
analysis, SN 2022ngb has a slower rise rate, a low peak luminos-
ity of about Lgy = 7.7675 x 10*' ergs™", and a longer light-
curve rise time of around 28.5 days.

van Baal et al. (2024) performed 3D hydrodynamic simula-
tions with an NLTE radiative transfer code. This research indi-
cates that silicon and calcium are formed during the explosion,
and their early appearance is a signature of an asymmetric
explosion. In this scenario, high-velocity silicon and calcium
are injected locally into the outer ejecta because of the asym-
metric explosion and hydrodynamic instabilities. van Baal et al.
(2024) also noted that in less energetic Type IIb events, this local
mixing can be more obvious. This intrinsic explosion asym-
metry suggests that other elements, such as nickel, might fol-

low a different and stronger macroscopic mixing behavior. Tak-
ing this into account, SN 2022ngb, with its lower explosion
energy (1.32x 103! erg) than SN 1993]J, SN 201 1fu (both ~2.4 x
107! erg; Nagy & Vinké 2016) and comparable to SN 2020acat
(~1.2 x 107! erg; Medler et al. 2022; Ergon et al. 2024), can be
aptly explained by this scenario. This suggests that SN 2022ngb
was the result of an asymmetric explosion, which in some cases
can spectroscopically produce features that mimic those of an
intermediate-mixing event. In addition, this kind of asymmetry
might not mix material from the inner core into the Hydrogen-
rich shell along all sight lines, which is also consistent with our
observational data.

The right panel of Fig. 10 shows the spectra around the
V-band maximum for each event. On the bluer side of each
spectrum, absorption caused by Call, Fel, Sc1l, and TiIl is
prominent. All spectra show a strong P Cygni profile, presenting
the typical features of an expanding ejecta with a well-defined
photosphere. As the photosphere retreats and the ejecta becomes
progressively more transparent, the HeT lines become promi-
nent in each spectrum. Compared with SNe 1993]J, 2011fu, and
2013df, the He 15875 A line in SN 2022ngb exhibits a sharp
and deep absorption component. This suggests that the He is
located in a well-separated shell. Furthermore, considering the
evolution of He, its line profile becomes narrower compared to
the very early phase. We also note another absorption feature on
the blue side of the Ha profile. We propose that the absorption
feature of the P Cygni profile around 6200 A is most likely a
combination of Ha and SilIl, consistent with the interpretation
of Gangopadhyay et al. (2018) and our previous modeling of the
early spectrum (see the best-fit result in Sect. 4.2). This will be
further discussed in Sect. 5.2.
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Fig. 10. Comparisons of the spectra of SN 2022ngb with other Type IIb events (SN 1993J, SN 2008ax, SN 2011fu, SN 2013df, SN 2015as,
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corresponding labels. The names of the comparison SNe and their respective phases are displayed on the right side of each spectrum.

A comparison of nebular phase spectra of SN 2022ngb and
other SNe IIb is presented in Fig. 11. During this phase, the den-
sity of ejecta decreases and the photosphere recedes, enabling
the analysis of the inner ejecta. We observed that the Ha line
typically disappears or becomes very weak, while the He1 lines
decrease in strength. At the same time, the [O 1] 116300,6364 A
and [Ca1l] 117291,7323 A increase in strength, eventually dom-
inating the optical spectrum. In the bluer region of the spectrum,
the [O1] 25577 A line is present in SN 2022ngb and most SNe
IIb, with a notable difference between SN 2013df, which exhibits
only a weak oxygen emission feature. The presence of promi-
nent helium lines alongside a weak or absent hydrogen line is
a defining characteristic of SNe IIb, signifying their evolution-
ary transition between Type II and Type Ib. Furthermore, we
identified the O1 /1/17772,7774A and Cam NIR triplet lines in
SN 2022ngb and the comparison objects. We noted that the O 1
AA7772,7774 A emission in SN 2022ngb appears to be stronger
than in the comparison sample, which may indicate a more mas-
sive oxygen component in its ejecta.

Although the SNe IIb in our comparison sample share simi-
lar spectral features, they exhibit distinct differences in their pro-
files and specific line characteristics. In SN 2022ngb, the oxygen
emission lines appear to be systematically stronger and display
multipeaked profiles. While both SN 2008ax (Pastorello et al.
2008) and SN 2011dh (Sahu et al. 2013) also show a double-
peaked profile in the [O1] 116300, 6364 A doublet, the peak
separation of the doublet components in SN 2022ngb is only
~30A, a factor of two narrower than the comparison objects
The [CaT1r] 247291, 7323 feature in SN 2022ngb is relatively
broad compared to the other SNe, with the notable exception of
SN 2020acat. This broadness is also apparent in the permitted
Ca1r NIR triplet, which is again consistent with SN 2020acat
and would indicate that for both SNe, there is a wide velocity
distribution for the calcium-rich ejecta. Finally, the rounded peak
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profile of the [Ca11] feature in SN 2022ngb shows a similarity to
that of SN 2015as (Gangopadhyay et al. 2018).

We also noted the presence of subtle emission features on the
red wing of the [O1I] 116300, 6364 A doublet in SN 2022ngb,
similar to those observed in SN 1993J and SN 2011fu, inter-
preted as evidence of late-time interaction with hydrogen-rich
CSM (Maurer et al. 2010; Sahu et al. 2013). However, confirm-
ing a CSM interaction scenario for SN 2022ngb is challeng-
ing. We lack late-time NIR spectroscopy that could reveal inter-
action, and we also did not observe the box-shaped Ha emis-
sion lines at later phases, as suggested by de Wet et al. (2025).
Given the lack of strong evidence to support CSM interaction,
we explored an alternative interpretation. Jerkstrand et al. (2015)
suggested that in SNe IIb at this phase (around 150 days post-
explosion, +162 days in our case), the contributions from hydro-
gen and helium at the red wing of [O1] 116300, 6364 A are
expected to be negligible. This drove us to consider the contri-
bution of [N II] 2116548, 6583 ;\, which Barmentloo et al. (2024)
proposed as the origin of the structure on the red wing of the
[O1] doublet. According to their work, the strength of this [N II]
feature is inversely correlated with the mass of the progenitor,
making it a potential probe of the progenitor. As a consequence,
the moderate strength of this feature in SN 2022ngb allows us
to qualitatively estimate its progenitor mass to be likely lower
than that of SN 2020acat (which exhibits a negligible [N 11] fea-
ture, corresponding to a Mzams ~ 17 Mg, Ergon et al. 2024), but
higher than that of SN 201 1dh (with prominent [N II] profiles).

4.4. Line velocities

We performed Gaussian profile fits to the major absorption
troughs in the spectra of SN 2022ngb to measure their veloci-
ties. Our analysis focuses on the Ha 16563 A, HB 14861 A, He 1
15876 A, and Fe 11 15018 A lines. We then compared the velocity
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evolution of SN 2022ngb with those of other SNe IIb. The evo-
lution of the line velocities in SN 2022ngb and the comparison
sample is presented in Fig. 12. The typical uncertainty in our
velocity measurements is up to 800 kms~'. For the FelI line at
early phases, however, the uncertainty is as high as 1000 kms™!
due to the lower S/N spectra and the weakeness of the Fe II spec-
tral features.

The velocity evolution of SN 2022ngb is generally con-
sistent with that of most SNe IIb in our comparison sam-
ple. Specifically, its velocity is higher than that of SN 2011fu
and SN 2015as, and similar to higher-energy events such as
SN 2020acat. In the very early stage, SN 2022ngb displayed
high expansion velocities, with He and Hp line velocities of
19600kms™! and 16600kms™!, respectively. We also identi-
fied a weak FeII feature in our earliest spectra, which enabled
us to provide an approximate velocity measurement. We found
that the Fe II velocity during the early phase (up to 15 days from
explosion) was around 15000kms~!. This value is consistent
with the best-fit photospheric velocity derived from SYNAPPS
modeling, suggesting that the photosphere was located near the
outer edge of the dense, opaque ejecta at this time. During the
transition phase (from 20 to 70 days after the explosion), the
HeT line velocity in SN 2022ngb was systematically lower than
that of Ha, a behavior consistent with those of most SNe IIb
(Liu et al. 2016). In this period, the velocity of Fell become
slower than the earlier phases. The Fell feature also became
more prominent, reducing the uncertainties in the velocity mea-
surements. In the late transition phase, the emergence of the [O1]
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Fig. 12. Evolution of the line velocities for He, HB, Hel, and Fell.
SN 2022ngb and other comparisons are marked with different marker
shape. The measurement errors are not shown here, but they can be up
to 800kms™!.

A26300, 6364 A doublet near the Ha line profile prevented us
from carrying out a reliable measurement of the Ha velocity.

The evolution of velocity reveals a distinct layered structure
within the ejecta of SN 2022ngb, a phenomenon also observed
in SN 2015as (Gangopadhyay et al. 2018). This structure com-
prises an outer layer of hydrogen expanding initially at a high
velocity, and decelerating from approximately 20000 kms~! at
early times to 12000 km s~! later. Beneath this lies an inner layer
containing a mixture of iron and helium, which expands more
slowly, with its velocity decreasing from about 15000km s~
to 6000kms~!' over the same period. This velocity stratifica-
tion reminds that found for SN 1993] (Shigeyama et al. 1994).
In that case, it was proposed that Rayleigh-Taylor instabilities
were inefficient at inducing large-scale mixing in the compact
hydrogen envelopes typical of Type IIb events. Our observation
of relatively clean absorption profiles, albeit with some features
potentially indicative of mixing due to a localized, asymmetric
explosion, corroborates this interpretation.

Theoretical models proposed by Iwamoto et al. (1997) estab-
lish a relationship between the expansion velocity of the hydro-
gen envelope, the explosion energy Ec,, and the ejecta mass
M., described by the scaling relation veyp, o E;,{;Me_j]/ 2 Based
on our prior light curve analysis, SN 2022ngb possesses a
low-mass hydrogen envelope and, according to models from
Nagy & Vinké (2016), was produced by a relatively energetic
explosion, making it comparable to SN 1993J, SN 2020acat, and
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SN 2024abfo (Medler et al. 2022). These physical parameters
collectively imply a moderate expansion velocity for the outer
hydrogen layer, a prediction that is in agreement with our direct
velocity measurements.

Neither hydrogen nor helium lines serve as reliable probes
of the photosphere. Instead, FeII lines, which originate deeper
within the ejecta, can be used to trace the photospheric veloc-
ity (Dessart & Hillier 2005). Using this method, the photosphere
velocity was approximately determined by using the Fe 11 15018
line velocity at —2.3 days from V-band maximum, giving a value
of approximately 9000 kms~'. Here, we used it as a proxy for
the photospheric velocity, which enabled us to perform a simple
estimation of the explosion parameters, as discussed in Sect. 3.5.

4.5. Nebular spectra

The nebular phase spectroscopy data of CCSNe are typically
used to estimate the parameters of their progenitor star and
to constrain the explosion. At +95.4 days, the spectra of
SN 2022ngb entered the nebular phase. This transition is marked
by the emergence of prominent forbidden emission lines, such
as [O1] 216300, 6364 and [Calr] 2117291, 7323, and the con-
current fading of the Ha feature. From our observational data,
we identified a split-peaked structure in both the [O 1] 116300,
6364 lines, and this feature became more prominent through-
out the spectral evolution. The red and blue wings, offset from
the rest wavelength, correspond to a similar velocity of approx-
imately 1000 km s7L. Also, the [Call] 417291, 7323 doublet
develops an increasingly redshifted profile. These features indi-
cate an aspherical ejecta distribution (Milisavljevic et al. 2010;
Valenti et al. 2011), similar to the asymmetric explosion features
suggested by Fang et al. (2024). These asymmetric features will
be discussed in more detail in Sect. 5.3.

4.5.1. Oxygen mass and [Can]/[O1] ratio

The ejected mass of oxygen serves as a key indicator for the
progenitor mass. As suggested by Uomoto (1986), a lower limit
for the neutral oxygen mass can be estimated under the high-
density limit (N, > 10° cm™3). This mass is calculated using the
following relation,

Mo = 10°D’ f([O1]) X exp(?) Mo @)
4

where My is the mass of neutral oxygen, f([O1]) is the inte-
grated flux of the [O1] 416300, 6364 doublet in units of
ergs™' cm™2, D is the distance in Mpc, and T is the tempera-
ture of the oxygen-emitting region in units of 10* K. Ideally, T
should be determined from the flux ratio of the auroral line [O 1]
A5577A to the nebular [O1] doublet. However, in our spectra,
the [O1] A5577 line is too faint for a reliable measurement com-
pared to the [O 1] doublet. Furthermore, the [O1] 45577 line is
potentially blended with other features, such as Fe I1. Given these
limitations, we adopted the approximation for the high-density,
low-temperature regime by setting 74 = 0.4 (corresponding to
T =~ 4000 K), following the approach of Elmhamdi et al. (2004).

However, Medler et al. (2022) noted that this method can
be unreliable, primarily due to the temporal evolution of the
oxygen emission flux. A more robust approach to establish a
limit to oxygen mass, therefore, would be the application of
this method to multiple epochs. Adopting the low-temperature
approximation and using the measured [O 1] 126300, 6364 fluxes
of 2.18 x 107 ergs™' cm™ at +162 days since explosion, we
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calculated an oxygen mass of My = 0.68 Mg. Furthermore,
we noted the persistent detection of the OT triplet near 7775 A
in the nebular spectra of SN 2022ngb. The presence of this
feature, which arises from the recombination of singly ion-
ized oxygen (Gangopadhyay et al. 2018), implies that a frac-
tion of the oxygen remains ionized. Consequently, the esti-
mate of 0.68 My derived from neutral oxygen at +162 days
should be regarded as a lower limit to the total ejected oxy-
gen mass. For comparison, Elmhamdi et al. (2004) showed that
for typical SESNe, the ejected oxygen mass generally ranges
from 0.2 Mg to 1.4 Mg. The oxygen mass of SN 2022ngb thus
falls within this distribution, and is comparable to those of
SN 1993]J (~0.5 My; Houck & Fransson 1996) and SN 2015as
(=0.45 My; Gangopadhyay et al. 2018), while being larger than
that of SN 2011dh (~0.2 My; Sahu et al. 2013).

The oxygen observed in SN ejecta is predominantly syn-
thesized during the hydrostatic nuclear burning stages within
massive stars. Consequently, the total mass of ejected oxy-
gen is directly linked to the initial main-sequence mass of
the progenitor, as this parameter dictates the extent and effi-
ciency of the nuclear burning phases. The nucleosynthesis mod-
els of Thielemann et al. (1996) provide a quantitative relation-
ship between these two parameters. Their simulations predict
that progenitors with initial main-sequence masses of 13, 15,
20, and 25 Mg will eject approximately 0.22, 0.43, 1.48, and
3.00 M, of oxygen, respectively. By interpolating within the the-
oretical yields from Thielemann et al. (1996), an oxygen mass
of =0.68 M, points to a progenitor with a main-sequence mass
slightly exceeding 15 Mg. This inference can be cross-checked
for consistency. The models of Thielemann et al. (1996) also
indicate that a progenitor of ~15M; evolves to form a helium
core of approximately 4 My before collapse. This theoretical
value matches our independent estimate of the helium core mass.
Assuming a 1.5Mg NS remnant and incorporating our earlier
estimate of the total ejecta mass, we derived a helium core mass
for SN 2022ngb in the range of 4.5 to 5.0 Mg, which is still con-
sistent with the theoretically predicted He-core mass for a main-
sequence progenitor of around 15 M.

Fransson & Chevalier (1989) suggested that the flux ratio
of the [Call] 247291, 7323A doublet to the [O1] 216300,
6364A doublet provides a semi-quantitative method for esti-
mating the main-sequence mass of the progenitor. The phys-
ical basis for this method is that oxygen is primarily formed
during the hydrostatic evolution, whereas calcium is synthe-
sized during the explosive nucleosynthesis. Therefore, the cal-
cium yield is largely independent of the pre-SN evolution. Thus,
a higher [Ca1]/[OT] ratio points to a less massive progenitor.
Elmhamdi et al. (2004) found that the [Ca 11]/[O 1] ratio becomes
stable at late epochs (typically at +150 days past explosion),
remaining nearly constant for an extended period. In the case
of SN 2022ngb, the [CalI]/[O1] ratio at +162 and +252 days
post-explosion is indeed observed to be nearly constant, with a
value of approximately 0.49. This value is comparable to those
of SN 2020acat (=0.5) and SN 1993J (=0.5), suggesting that
SN 2022ngb had a progenitor with a mass in the range from 14 to
18 M. This is in agreement with our previous estimates. How-
ever, it should be noted that the underlying assumptions for this
method are not always robust. Furthermore, the [Ca1] 117291,
7323A feature is often blended with nearby [O I1] and Fe 1 lines,
which introduces significant uncertainty into the flux measure-
ment. In such cases, the [Ca1r]/[OT] ratio may not be a reliable
probe of the progenitor mass. This disagreement arises in the
estimation of SN 2008ax, which shows a high [Ca11]/[O1] ratio
despite its massive progenitor (Taubenberger et al. 2011).
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Fig. 13. Nebular phase spectrum of SN 2022ngb at +252 days post-
explosion (black line), compared with synthetic spectra taken from the
SN IIb models of Jerkstrand et al. (2015). The blue lines represent var-
ious models for a Mzamys = 13 Mg progenitor, while the red line shows
a model for a 17 M, progenitor. The narrow lines in the spectra are the
emission lines from the H1I region of the host galaxy.

4.5.2. Modelling spectra in the nebular phase

We compared a nebular-phase spectrum of SN 2022ngb,
obtained at +252 days past explosion (+227 days after the
V-band maximum), by comparing it with synthetic spec-
tra generated using the SUMO code (Jerkstrand etal. 2015;
Barmentloo et al. 2024). The comparison is presented in Fig. 13.
The narrow emission lines in the observed spectrum, attributed
to H1I regions in the host galaxy, were excluded from this anal-
ysis. The models employed are based on the stellar evolution
calculations of Woosley & Heger (2007, hereafter WHO07) for
progenitors with Mzams of 13 Mg and 17 M. These progeni-
tors correspond to ejecta masses ranging from 2.1 Mg to 3.5 Mg,
a range that encompasses our estimate for SN 2022ngb in Sect.
4.5.1. The models assume an initial °Ni mass of 0.075 M. To
facilitate a direct comparison, synthetic spectra were scaled to
the distance of SN 2022ngb and adjusted for radioactive power
at the observed epoch.

To constrain the progenitor mass of SN 2022ngb, we com-
pared its nebular spectrum with a suite of models for Mzams =
13 Mg and Mzams = 17 Mg, stars from Jerkstrand et al. (2015),
namely M13A, M13C, M13D, M13F, and M17A. Our analysis pro-
ceeded by first eliminating models with incompatible physical
assumptions. A comparison between M13C (with dust) and M13D
(without dust) reveals that dust has a negligible effect on the
optical spectrum, and it is thus excluded from further consid-
eration. Similarly, comparisons with M13D (with molecular cool-
ing) and M13F (without molecular cooling) indicate that the latter

provides a superior fit. This leaves M13F as the most represen-
tative model among the lower-mass options. While this model
provides a reasonable overall fit, it underpredicts the flux of
the [O1] and overestimates the strength of the [NII] emission
lines. This discrepancy suggests that the true progenitor mass
is higher, above Mzams = 13 Mg. Conversely, the M17A model
(Mzams = 17My) significantly overpredicts the strength of the
[O1] emission, allowing us to set a firm upper limit on the pro-
genitor mass. By interpolating between these lower and upper
bounds, we estimate the progenitor mass for SN 2022ngb to be
in the range of Mzams =~ 15—16 Mg, a result that is consistent
with our previous discussion.

As mentioned in Sect. 4.3, the nebular [N II] lines can serve
as a probe to constrain the mass of the progenitor. The origin
of the nitrogen lies in the CNO cycle, where the 14N(p, 7)150
reaction is the rate-limiting step, leading to the accumulation of
1“N. We assume a scenario in which the hydrogen envelope of the
progenitor was partially stripped, leaving nitrogen-rich material
from the H-burning shell mixed at the surface of the dense, He-
rich core. During the subsequent helium-shell burning, this '*N is
efficiently converted to 180 via the “N(«, 7)18F reaction, which
subsequently S-decays to '80. A more massive He-core implies
higher temperatures and thus a faster reaction rate. To perform a
more precise flux estimation of [N II] and avoid the blending with
other lines (e.g., Fe 1T and He lines; Barmentloo et al. 2024), we
use a late-time spectrum of SN 2022ngb taken at +252 days post-
explosion. At this advanced epoch, the contaminating effects of
Fe 11 and Ha are negligible.

The mass loss from the helium core of the progenitor is
another crucial factor. For Type Ib/Ic SNe, which arise from
fully stripped He stars, strong stellar winds significantly reduce
the final Mpesn. In contrast, for SNe IIb such as SN 2022ngb,
the presence of a residual hydrogen envelope implies that mass
loss from the underlying He core was less significant. This view
is supported by the work of Dessart et al. (2023), who sug-
gested that models with the same Mpesn produce similar neb-
ular spectra, regardless of their initial mass. Therefore, we adopt
the simplifying assumption that the He core of the progeni-
tor experienced a negligible mass loss (% = 0, as suggested
by Dessart et al. 2023), making its pre-SN mass equivalent to
its He-core mass. Following Barmentloo et al. (2024), we com-
pared our spectrum with their he6p® and he8p® models, which
have Myesn = 4.45 Mg and 5.64 M, respectively. This mass
range is consistent with our previous estimates. The comparison
is presented in Fig. 14.

Overall, both the he6p® and he8p® models from
Barmentloo et al. (2024) provide a good fit to our observed
spectrum. Focusing specifically on the [NI] lines, our data
is bracketed by the two models: the he6p® model predicts a
stronger [N1I] emission than observed, whereas the emission
in the he8p® model is slightly weaker. Furthermore, in the
more massive he8p® model, the [N1I] feature at +252 days is
still significantly blended with Fell emission. This blending
implies that the true [NT1I] flux of the models is even lower
than what is indicated by the blended feature, reinforcing the
conclusion that this model underpredicts the nitrogen abundance
in SN 2022ngb.

To obtain a more accurate estimate of the Mp.sn, we utilized

the flux ratio of [N 1] to the total flux in the 5000-8000 A wave-
length range. This ratio serves as a sensitive probe for Mp..sn
and is defined as (Barmentloo et al. 2024)

FNII,ﬁl

8000 A
so00a T ada

NI = x 100. (8)
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Fig. 14. Nebular phase spectrum of SN 2022ngb at +252 days from explosion (black line), compared with synthetic spectra from the He-star
models of Barmentloo et al. (2024). All spectra are normalized to their maximum flux and have the continuum removed. Left panel: Comparison
of the nebular spectrum of SN 2022ngb with He-star models of varying M.sn. Right panel: A detailed comparison of the [O1] and [N1I] line
profiles. The green and orange solid lines represent Gaussian fits to the [O I] and [N 1I] components, respectively. The emission lines from the H 11

region of the host galaxy is removed for a better comparison.

To prevent the Fenm and He lines from skewing the esti-
mate, we used data from the late nebular phase, during which
the contribution from these lines is expected to be negligible
(Jerkstrand et al. 2015; Barmentloo et al. 2024).

For SN 2022ngb, this ratio is ~2.1 at +252 days past
explosion. We compared this value to the he8p® and he6p®
models from Barmentloo et al. (2024), which yield fyy val-
ues of approximately 1.5 and 2.5, respectively. By interpolat-
ing between these models based on our measured fyy value,
and incorporating the mass of the hydrogen-rich shell derived
from other models (e.g. Piro et al. 2021; Nagy & Vinké 2016),
we estimated the total progenitor mass to be 4.7 Mg, consis-
tent with the outcomes of the light-curve fits, which indicate an
ejecta mass of ~3 My. Summing the ejecta mass with a typical
NS remnant mass of 1.6—1.8 M, yields a comparable total mass.
Furthermore, the explosion energies of these models are in good
agreement with that estimated for SN 2022ngb.

5. Discussion
5.1. The early shock-cooling emission

Early-time observations of SNe IIb provide crucial insights into
the properties of the hydrogen-rich envelope of the progenitor
star. The early emission (EE) is understood to arise from the
interaction of the shock with this extended envelope, manifest-
ing as a rapidly rising light curve followed by a declining cool-
ing phase. For SN 2022ngb, the light curve feature in this phase
is similar to SN 2008ax (Pastorello et al. 2008), SN 2015as
(Gangopadhyay et al. 2018), and SN 2020acat (Medler et al.
2022), which present a faint shock cooling feature, suggesting
a low-mass, hydrogen-rich envelope with small radii. Acquiring
observational coverage of this brief period is notoriously diffi-
cult. Ayala et al. (2025) studied the light curve properties of SNe
IIb with and without EE based on ATLAS archival data. Their
analysis indicates no statistically significant difference between
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Fig. 15. Magnitude decline rate vs. rise time in SNe IIb in the ATLAS
o bands. The cyan points represent SNe IIb with no prominent early
emission (Non-EE-IIb), and the green points stand for those with promi-
nent early emission (EE-IIb). The red star indicates the position of
SN 2022ngb in the diagram. The different colored regions in the plots
represent the K-NN-derived probability that an event belongs to the EE-
IIb class.

the rise-time and post-peak decline rate distributions between
the two populations. Here, we utilized the rise times and decline
rates from Table A.2 for a comparison with a sample of other
SNe IIb events (both with and without EE). The outcomes of
this comparison are presented in Fig. 15.

We found that SN 2022ngb overlaps with both EE and non-
EE SNe IIb in terms of rise time and decline rate (Am;s). How-
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ever, given the lack of statistically significant separation between
these two populations (Ayala et al. 2025), making accurate clas-
sification based on these parameters alone is difficult. To quantify
the classification probability within this overlapping framework,
we employed the K-nearest neighbors (K-NN)* approach. Given
the limited sample size (15 non-EE-IIb and 25 EE-IIb events), we
adopted k = 5 to balance local sensitivity with sample robustness.
The analysis yields a probability of 60% for non-EE-IIb and 40%
for EE-IIb. This result suggests that while SN 2022ngb is more
likely a non-EE-IIb event, it could represent a transitional event
between the two subclasses. This is consistent with the theoretical
framework of Chevalier & Soderberg (2010), which suggests that
a faint or absent shock-cooling phase is indicative of a thin, low-
mass envelope. Therefore, these features imply that SN 2022ngb
is likely a clIb, originating from a progenitor with a less extended
envelope, analogous to SN 2022crv.

To further analyze the luminosity evolution, we followed
Rabinak & Waxman (2011), where the luminosity is expressed
as

E Y1 R s M -3 K Y4 t =5
L“)“(E—o) (Fo)ﬁ} (V) (‘) (‘) |

Here, 1, 2, ¥3, v4, and ys are positive constants that depend
on the density profile. In this case, the decline rate L(f) o
—RM™:¢77~1. The best-fit result present in Table A.3 of
SN 2022ngb shows a steep decline rate during the first 10 days,
suggesting a low-mass envelope. In comparison to SN 2015as
(Gangopadhyay et al. 2018), which had a similar envelope
radius, its shell luminosity declined to 10*'8 ergs~! at about 9
days after explosion, showing a much slower early decline rate
than SN 2022ngb. The luminosity of the shell component in the
LC2 model of SN 2022ngb dropped to be negligible at nearly
the same epoch, which supports the conclusion of an extremely
low-mass envelope. This comparison between SN 2022ngb and
SN 2015as would indicate that the envelope of SN 2022ngb
would be more compact and less massive than SN 2015as.

We also checked the plausibility of the envelope properties by
examining the internal physics of the progenitor. The properties
of the envelope are determined by the structure of the progeni-
tor and the mass loss history. Through an analytical model and
numerical simulations by Ouchi & Maeda (2017), they described
the relationship between M., and Re,, for progenitors of SNe
IIb. Considering SN 2022ngb and other typical SNe IIb we used,
we plot the corresponding M,y -Reny values for each target in
Fig. 16. In this figure, SN 2022ngb and other comparisons fits the
Ouchi & Maeda (2017) model well. This indicates that the results
of envelope properties of SN 2022ngb is reasonable.

©))

5.2. Photospheric evolution of Ha

The detailed evolution of the Ha profile is shown in Fig. 17,
compared to two representative SNe IIb with similar profiles
and models for a progenitor with pre-explosion mass of 4.64 M,
from Dessart et al. (2016). The spectrum of SN 2022ngb at
—2.3 days from V-band maximum shows a two-component blue-
shifted absorption for Ha. Using a Gaussian fit, we determined
that the central wavelength of the blue wing component is
6220 A, and that of the red wing component is 6320 A. The red
component is the absorption of the Ha P Cygni profile, while
the origin of the blue component is unclear. In our initial fit, we
reproduced the broad Ha feature as a combination of Ha and

4 https://scikit-learn.org/stable/modules/generated/
sklearn.neighbors.KNeighborsClassifier.html
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Fig. 16. M.,, and R.,, relations of SN 2022ngb and other typical SNe
IIb compared to the Ouchi & Maeda (2017, OM17) model. The green
solid line stands for the analytical solution of OM17 model, while the
purple cross point stands for their numerical solution. The red star point
is the position of SN 2022ngb, the other gray markers stands for other
SNe IIb listed in the legend.

SiIl. We observe that this broad feature becomes narrower as the
blackbody temperature drops from approximately 6500 K in the
earlier phase to 5500 K.

To improve our understanding of the blue wing absorption,
we compare the spectra with the NLTE radiative transfer mod-
els from Dessart et al. (2016). The models exhibit characteris-
tics that are in fair agreement with our observations at simi-
lar epochs. The primary discrepancy, observed in the HeT fea-
tures, can be attributed to a higher ejecta density and opacity,
as previously discussed. We note that in the 4p64Cx1 model,
the SiTI lines are prominent throughout the spectral evolution,
and the velocity inferred from their absorption minima shows
a decelerating trend. Furthermore, the absorption component of
the P Cygni profile becomes progressively narrower, a behavior
that is also consistent with our observational data.

We noted a mismatch at later phases ( +6.17 days and +22.7
days from V-band maximum in the 4p64Cx1 model), where the
Sill absorption remains prominent in the model but has nearly
vanished in our data. A similar behavior was observed in SN
2015as (Gangopadhyay et al. 2018). We suggest this discrep-
ancy arises from the blending of the decelerating Sill line with
the increasingly strong Ha profile, which effectively masks the
Si1r feature. To isolate this underlying blue wing component,
we performed a double-Gaussian fitting to the observed profile.
This analysis confirmed the persistence of a blue-shifted absorp-
tion component, revealing a flux comparable to that predicted
by the 4p64Cx1 model. Furthermore, the fitting process enabled
us to measure the velocity of the SiIl line that decreased from
13500 kms~! at —21.1 days to 6300 km s~! at —2.3 days, and fur-
ther to 6000 km s~! at +4.9 days. This trend is consistent with the
typical velocity evolution of inner ejecta layers being revealed
as the photosphere recedes. In addition to line blending, other
physical effects contribute to the weakening of the Sill absorp-
tion. The temperature drop from 5500K to 4500 K would fur-
ther reduce the Si IT ionization fraction, along with the decreasing
density of the expanding ejecta and the recession of the photo-
sphere into deeper, slower moving layers.

A271, page 17 of 25


https://scikit-learn.org/stable/modules/generated/sklearn.neighbors.KNeighborsClassifier.html
https://scikit-learn.org/stable/modules/generated/sklearn.neighbors.KNeighborsClassifier.html

Zhao, J.-W., et al.: A&A, 706, A271 (2026)

Scaled Flux Fj [ergs™lcm™2A-1]

Bk
4

z Ha
Scaled Flux Fj [ergs~lcm™2A1]

5
z

5

—2.30d

Dessart+16
p64Cx1@+6.17d

Dessart+16
4p64Cx1@+22.7d

SN 2022ngb
—-2.30d

<&

SN 2022ngb
+4.90d

+15.6d
SN 2022ngb
+15.6d

SN 2022ngb
+24.4d

+24.4d
SN 1993)
+5.0d

SN 2013df
+5.0d

<

5000 6000 7000

8000

9000 10000 6200 6400

Rest Wavelength [A]

Fig. 17. Left panel: Comparison of spectra of SN 2022ngb obtained near maximum light with spectra of the SNe IIb 1993J and 2013df, and
synthetic spectra from the NLTE models of Dessart et al. (2016). The models shown correspond to a progenitor with a pre-explosion mass of
4.64 M,,. The rest wavelength position of Ha is marked with a dotted vertical line. Right panel: Details of the evolution of the Ha absorption. Its
profile is fitted with a double-Gaussian function (blue solid line), whose individual components are shown with red solid lines.

We noted that this feature has also been observed in other
SNe IIb, such as SN 1993] (Barbon et al. 1995) and SN 2013df
(Milisavljevic et al. 2013), as evidence of either an aspherical
hydrogen distribution (Barbon et al. 1995) or a distinct, high-
velocity hydrogen layer (Branch et al. 2002; Milisavljevic et al.
2013). The evolving absorption profile around 6200A in
SN 2022ngb closely resembles that seen in SN 2015as
(Gangopadhyay et al. 2018), suggesting a shared physical mech-
anism. Our analysis, consistent with the findings for SN 2015as,
indicates that the double-trough profile results from a blend of
the P Cygni absorption from both Sill and He. This interpre-
tation is compelling because a separate high-velocity hydro-
gen component might be expected to show a velocity evolu-
tion parallel to the primary He line, as observed in SN 2020cpg
(Medler et al. 2021), a behavior which has not been observed
in our data. Nevertheless, alternative explanations, such as an
aspherical hydrogen distribution (e.g., in a toroidal geometry),
cannot be entirely ruled out.

5.3. Evidence for asymmetric ejecta from nebular
spectroscopy

The evolution of the prominent lines during the nebular
phase, in particular [O1] 116300, 6364 10\, and [Ca1r] 417291,
7323 A (Fig. 18), reveals that SN 2022ngb behaves similarly
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to other well-studied Type IIb events, such as SN 2015as
(Gangopadhyay et al. 2018) and SN 2020acat (Medler et al.
2022). The nebular spectra of SN 2022ngb are dominated by
the forbidden emission doublet [O1] 216300, 6364 A. As the
ejecta expand and become optically thin, these lines develop
a prominent, asymmetric double-peaked profile. The profile is
characterized by a strong component centered close to the rest
wavelength at 6300 A (as indicated by the dashed line in the
figure), a distinct secondary peak redshifted to a velocity of
approximately +1000 kms™', and a less prominent, blueshifted
peak at a velocity of roughly —1000 kms~'. This line profile
is reminiscent of those observed in other Type IIb events, such
as SN 2008ax (Pastorello et al. 2008) and SN 2015as. Several
physical mechanisms can produce such a profile. One possibil-
ity is an intrinsic asymmetry in the ejecta, which could arise
from large-scale convective instabilities in the oxygen layer
(Kifonidis et al. 2006), an asymmetric explosion creating an
inhomogeneous oxygen distribution via Rayleigh-Taylor insta-
bility (van Baal et al. 2024) or a fundamentally aspherical (e.g.,
equatorial) distribution of oxygen (Taubenberger et al. 2009;
Fang et al. 2024).

If we consider the asymmetric explosion model presented by
Fang et al. (2024), the profile of SN 2022ngb is best interpreted
as originating from an aspherical oxygen distribution, possibly
a toroidal structure around the equator. The observed velocity
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Fig. 18. Evolution of the profiles of the [O1] 116300, 6364 A doublet
(left panel), and the [Ca1I] 117291, 7324 A doublet (right panel). The
rest wavelength for each line is marked by a vertical dashed line. The
observational epoch is indicated to the right of each spectrum.

split of ~1000kms~' is moderate, suggesting that our line of
sight is oriented at an intermediate angle relative to the axis of
symmetry, rather than being fully equatorial. A purely equato-
rial view would likely produce a larger velocity split, while an
extremely low viewing angle might not show the evolution fea-
ture of the red wing of [O 1] 116300, 6364 A. This interpretation
is further supported by the temporal evolution of the profile: as
the spectrum transitions into the nebular phase, the increasing
prominence of the red-wing peak relative to the blue-wing com-
ponent indicates that the ejecta are becoming progressively more
transparent, allowing for more emission from the receding side
to be observed.

The [Ca1r] 117291, 7323 A lines are a dominant feature in
the nebular spectra of SN 2022ngb (Fig. 18). The dashed line
represents the rest wavelength (7291 A) of the primary com-
ponent of the doublet. This feature shows a broad, rounded
peak, somewhat different from the sharp peaks observed in
SN 2008ax and SN 2011dh, but similar to those of SN 2015as
and SN 2020acat. This suggests a large velocity dispersion of
the emitting material. Medler et al. (2022) proposed that an ener-
getic explosion could cause such a broad velocity distribution
observed in SN 2020acat. Our analysis of the bolometric light
curve suggests a relatively high explosion energy of approxi-
mately 1.3 x 10°! erg, consistent with the higher energy case of
SN 2020acat. Also, based on the simulations in van Baal et al.
(2024), which show that [CaTI] dynamics can be a good probe
of the explosion geometry, the broad [Call] line profile is more
likely due to an asymmetric, powerful explosion. This conclu-
sion is consistent with our results from the previous discussion.
Furthermore, we observe that the peak of the [CaIl] 447291,
7323 A feature is gradually redshifted over time. This can be
explained by the same mechanism responsible for the increasing
visibility of the red wing of the [0 1] 2116300, 6364 A doublet.

Furthermore, the [Call] A47291,7323 A doublet, which
traces the bulk ejecta and overall explosion dynamics, exhibits
a redshift of ~1000kms~'. This indicates a large-scale asym-
metry where more material, including radioactive *°Ni, was pro-
pelled away from the observer. This anisotropic distribution of
%6Ni can explain both the lower peak bolometric luminosity and
the modest estimated Y°Ni mass. Therefore, within the bipolar
explosion framework of Fang et al. (2024), the nebular profiles
of SN 2022ngb indicate an intermediate viewing angle. This is
supported by its [O 1] velocity split, which places it between the
nearly on-edge systems (e.g., SN 2011dh, SN 2015as) and the
on-pole system, suggesting a potentially intermediate viewing
angle.

5.4. Constraints on the progenitor and the explosion

We use several approaches to determine the mass of the pro-
genitor in Sect. 4.5.2. Taking these results and considering
the research by Barmentloo et al. (2024), higher-mass helium
stars generally follow the trend of having smaller radii. For
SN 2022ngb, the combination of faint shock-cooling features
in the bolometric light curve and a relatively high Mpesn
value points to a progenitor with only a small and com-
pact hydrogen-rich envelope. In this regard, SN 2022ngb is
similar to SN 2022crv (R ~ 3Ro, Mpesn = 5.3’:8:2 Mo;
Gangopadhyay et al. 2023) and SN 2003bg (R ~ 1 Ro, Myresn =
4.0f8:j Mg; Soderberg et al. 2006). These events are thought to
originate from progenitors resembling relatively compact WR-
like stripped stars, where the envelope has been almost entirely
stripped, leaving only a thin residual shell behind. Yoon et al.
(2017) suggested that progenitors lacking an extended hydrogen-
rich envelope likely originate from binary systems with tight
binding, which implies a short initial orbital period. This evi-
dence indicates that the progenitor of SN 2022ngb was likely in
a tightly bound binary system accordingly.

In brief, the progenitor of SN 2022ngb was most likely a
partially stripped star with a relative large Mpesn ~ 4.7 Mo,
corresponding to a Mzams of approximately 15 Mg. Our model
points to a relatively compact helium-rich core radius of about
1.44 Ry, surrounded by a thin, low-mass hydrogen-rich envelope
extending to approximately 4.3 R. The properties of the progen-
itor is similar to SN 2008ax (Crockett et al. 2008) and likely to
be stripped in a binary system.

6. Conclusion

In this work, we present comprehensive optical and NIR pho-
tometric BgcVroizJHK and spectroscopic observations of the
SN IIb 2022ngb. Our photometric data coverage began close to
the explosion epoch, capturing a faint shock-cooling phase ~3
days from explosion. The photometric and spectroscopic data
cover a period of over 270 and 250 days, respectively. A com-
parison of the V-band absolute light curve with those of other
well-studied SNe IIb reveals its luminosity is significantly lower
than that of SN 1993J and SN 2011fu, whereas it is compara-
ble to that of SN 2015as and SN 2024abfo. The color evolution
of SN 2022ngb resembles those of SN 2008ax and SN 2015as,
which are classified as clIb SNe, a subclass characterized by a
weak or absent initial shock-cooling peak and a smaller progen-
itor radius. The color indices indicate that SN 2022ngb has a
cooler photospheric temperature evolution compared to typical
SNe IIb.
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The peak bolometric luminosity of SN 2022ngb (derived
by applying a blackbody correction) is Lgo = 7.76*]%5 X
10* ergs~!. This value indicates a lower bolometric luminos-
ity compared to most SNe IIb, placing it among low-luminosity
events such as SN 1996¢cb and SN 2011ei. The rise time to
peak bolometric luminosity is approximately 28.5 days, which
is slightly longer than that of typical SNe IIb. A modeling of
the light curve points to an ejecta mass in the range from 2.8
to 3.3M; and a relatively high explosion energy of around
1.4 x 10’ erg. The progenitor of SN 2022ngb had a low-
mass and compact hydrogen-rich envelope, with a mass from
0.03 to 0.08 My and a radius of less than 4 R,. These prop-
erties point to a compact, partially stripped-envelope progeni-
tor, possibly a lower-mass analogue to a WR-like stripped star.
The synthesized °Ni mass for SN 2022ngb is in the range
0.043-0.045 M,,, based on a modified Arnett-like model (Arnett
1982; Chatzopoulos et al. 2012) and a two-component model
(Nagy & Vinké 2016). This **Ni mass is comparable to that of
SN 2024abfo, which exhibits a similar light curve.

The nebular spectra of SN 2022ngb are similar to those of
SNe 2020acat and 2015as, both of which exhibit strong [OT]
emission and relatively weak [CaIl] emission. The asymmetric
profile of the [O1] lines is comparable to that seen in SNe 2015as
and 2008ax, suggesting a globally spherical ejecta geometry
with a toroidal or disk-like structure. The red-shifted [CaII] lines
point to an asymmetric explosion. This asymmetry could imply
an anisotropic distribution of radioactive material and could con-
tribute to the observed lower luminosity if viewed from a direc-
tion with a deficit of **Ni. Comparisons with synthetic spec-
tra indicate that the progenitor of SN 2022ngb had a Mpsn
of approximately 4.7 My and a Myzams of 15-16 M. Finally, a
comparison with other Type-ellb and cIIb SNe suggests that the
progenitor was compact, similar to what was found in the cases
of SNe 2008ax, 2022crv, and 2003bg. This implies an origin in
a binary system, where interaction with a companion stripped
most of its envelope, leaving a progenitor that resembles a com-
pact Helium star.

Modern, large-scale, high-resolution survey projects are
underway to discover a greater number of SNe. These efforts will
enhance our understanding of their explosion mechanisms and
the diversity of their progenitor systems. In the coming years,
thousands of transients will be discovered by next-generation
time-domain surveys such as the Vera C. Rubin Observatory’s
Legacy Survey of Space and Time (LSST; Ivezi¢ et al. 2019),
the China Space Station Telescope (CSST; Gong et al. 2019),
and the Multi-channel Photometric Survey Telescope (Mephisto;
Yuan et al. 2020). The LSST, in particular, is expected to detect
up to 10 million SNe over its 10-year mission, vastly increas-
ing the known sample. Meanwhile, the Mephisto survey, consist-
ing of two 50-cm telescopes and a 1.6-m telescope, will enable
simultaneous observations in both the ugi and vrz bands. This
capability is crucial for accurately retrieving the true SED and
color information of SNe. Collectively, these facilities will pro-
vide us with more precise and crucial insights into the mecha-
nisms of SNe and the evolution of their progenitors.

Data availability

Photometric data for the Type IIb SN 2022ngb presented in
this study are available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/706/A271. Our observa-
tions are available via the Weizmann Interactive Supernova Data
Repository (WISeREP; Yaron & Gal-Yam 2012).
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Appendix A: Photometric tables

Table A.1. Basic information of SN 2022ngb compared with other well-observed Type IIb SNe.

SN Explosion Epoch  Redshift ~ Distance ~ E(B—V)mw  E(B=V)uoyw  °Ni Mass M M} esn Source
(MID] 2 [Mpc] [mag] [mag] [Mo] [Mo] [Mo]

1993] 49072.0 + 0.5 —0.00113  3.6+03 0.069 0.11 0.1 1.9 3.1 123
2008ax 54528.8 0.2 0.00456  9.6+0.5 0.022 0.278 0.1 2.7 33 4
2011dh 55712.5+0.3 0.001638 7.8+ 1.0 0.035 0.05 0.07 2.1 3.1 56
2011fu 55824.5+2.0 0.01845  745+52 0.068 0.035 0.15 35 ~50 7.8
2013df 56447.8 +0.9 0.00239  214+3.0 0.017 0.081 0.11 L5 <30 9,10
2015as 57332.0+2.0 0.0036 19212 0.008 - 0.08 1.2 ~27 11
2016gkg 57651.7* 0.0049 26453 0.0166 0.09 0.06 1.6 3.0 12,13,14

2020acat 59192.0 + 0.1 0.007932 35344 0.0207 - 0.13 1.7-23 ~45 15,16
2021bxu 59246.3 + 0.4 00178  72.0+5.0 0.014 - 0.029 0.61 2.1 17
2022ngb 59749.9 +0.5 0.00965  32.2+28 0.085 0.085 0.045 3.1 4.7 This work
2022crv 59627.3 +0.5 0.008091 34424 0.066 0.151 0.11 39 5.0 18
2024abfo 606283 0.1 0.003512 109+ 1.3 0.0097 - 0.042 2.55-6.7  4.1-8.2 19,20

2024aecx 60660.0 + 0.8 0.002665 11.4+0.6 0.45 - 0.15 0.70 22 21

Notes. Sources: 1 = Richmond et al. (1994); 2 = Barbon et al. (1995); 3 = Richmond et al. (1996); 4 = Pastorello et al. (2008); 5 = Sahu et al.
(2013); 6 = Ergon et al. (2015); 7 = Kumar et al. (2013); 8 = Morales-Garoftolo et al. (2015); 9 = Morales-Garoffolo et al. (2014); 10 = Dyk et al.
(2014); 11 = Gangopadhyay et al. (2018); 12 = Tartaglia et al. (2017); 13 = Arcavi et al. (2017); 14 = Bersten et al. (2018); 15 = Medler et al.
(2022); 16 = Ergon et al. (2024); 17 = Desai et al. (2023); 18 = Gangopadhyay et al. (2023); 19 = de Wet et al. (2025); 20 = Reguitti et al. (2025) ;
21 = Zou et al. (2025). #: The discovery epoch is very close to its explosion epoch that the uncertainty is negligible. *: Data are retrieved mostly
from Barmentloo et al. (2024), considering having a better estimation and more precise.

Table A.2. Apparent light curve parameters of SN 2022ngb.

Filter ~ System tpeak trise Mpeak Yo-15 Y15-100
[MID] [days] [mag] [mag (100 days)"] [mag (100 days)‘l]
B Vega 5977296 +0.07 23.06 +0.50 17.66 + 0.01 10.01 £ 0.40 0.77 £ 0.06
g ab 5977392 +0.04 24.01+050 17.22+0.01 8.06 £ 0.08 0.98 +0.04
¢t ab - - - 5.97 +£0.30 1.43+£0.11
\% Vega 5977422 +0.06 24.32+0.50 16.74 +0.01 6.82 +0.24 1.25+0.03
r ab 59778.17 £0.02 2827 +0.50 16.53 +0.01 412 +£0.18 1.55 £ 0.02
0 ab 59778.63 +0.05 28.73+0.50 16.44 +0.01 3.67+0.14 1.64 +0.05
i ab 59779.88 £ 0.03 2997 +0.50 16.35+0.01 323+0.16 1.89 £ 0.03
z ab 59780.18 £+ 0.05  30.27 +0.50 16.33 +0.01 - 1.94 +0.03
J* Vega - - - - 1.95+0.11
H* Vega - - - - 1.58 £0.21
K* Vega - - - - 1.83 £0.18

Notes. 7: The ATLAS c-band data do not cover the maximum of SN 2022ngb, and therefore the fitting could not be performed. The corresponding
decline rate is thus not reliable, as the late-phase data are of limited quality. *: The NIR (JHK) bands lack early phase and pre-maximum coverage,
and the post-maximum data are also incomplete. Consequently, the fitting results should be treated with caution and considered less reliable.

Table A.3. Bolometric light curve fitting results of SN 2022ngb and other typical Type IIb SNe.

Ro (102 cm) Mqj (Mo) Myi (Mo) Eqor (10°! erg) Ey/Ed
SN core shell Arnett core shell Arnett core shell Arnett core shell Arnett* core shell Arnett
1993 0.35 30 - 2.15 0.1 1.9 0.1 - 0.10 +£0.03 3.7 0.8 13+£0.3 1.85 7
2008ax3 - - - - - 27+05 - 0.10 +0.02 - - 12+05 - -
2011fu? 0.35 13 - 22 0.12 35 0.23 - 0.15 3.4 0.8 1.3 2.4 1.67
2015as* 0.2 0.5 - 1.2 0.1 22 0.08 - 0.07 1.14 0.58 0.656 2.16 0.93
2020acat’ - - - - - 23+04 - 0.13 +0.03 - - 1.2+03 - -
2022crv® 0.02 0.04-0.29 - 3.9 0.015-0.05 0.112 - - 4.1 0.35 - 4.86 6.00
2024abfo’ <0.1 8.7" - 2.55 < 0.0065 4.1-6.7 0.055 - 0.042 1.95% - 1.5-6.7 - -
2024aecx® - 11.76-13.91 - 0.70 0.03-0.24 - 0.15 - - 0.16% - - - -
2022ngb 0.10 0.3 - 3.1 0.035 32 0.045 - 0.045 1.94 0.47 1.34 2.11 5.8

Notes. *: For all the Type IIb SNe listed in the table, the total energy of Arnett-like model here represent the kinetic energy. f: The radius is resulting
from the direct observation of the progenitor. +: for SN 2024abfo and SN 2024aecx, the initial thermal energy is not reported in two-components
modeling, thus here is the kinetic energy instead. 1,2 = Nagy & Vinké (2016), Medler et al. (2022), Kumar et al. (2013). 3 = Pastorello et al.
(2008), Medler et al. (2022). 4 = Gangopadhyay et al. (2018). 5 = Medler et al. (2022). 6 = Gangopadhyay et al. (2023). 7 = Reguitti et al. (2025),
de Wet et al. (2025). 8 = Zou et al. (2025).
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Appendix B: Data description and reduction

B.1. Photometric data reduction

We carried out comprehensive multiband follow-up observations for SN 2022ngb, in the Johnson-Cousins BV, Sloan griz, and NIR
JHK bands, soon after the SN discovery. Optical and Near-infrared (NIR) data were obtained from the following facilities: The Las
Cumbres Observatory (LCO) global telescopes located at Teide Observatory (TFN; specific the 1.0 m telescope), Tenerife, Spain,
with the fall and fa20 Sinistro cameras; The 0.67 m/0.92 m Schmidt telescope with a Moravian camera at Padova Astronomical
Observatory, Istituto Nazionale di Astrofisica (INAF), Asiago, Italy; The 1.82 m Copernico Telescope with the Asiago Faint Object
Spectrograph and Camera (AFOSC), hosted by INAF — Padova Astronomical Observatory, Asiago, Italy; The 2.0 m Liverpool
telescope (LT) equipped with the 10:0 camera, located at Observatorio Roque de Los Muchachos, La Palma, Spain; The 2.56 m
Nordic Optical Telescope (NOT), at Observatorio Roque de Los Muchachos, La Palma, Spain, with the Alhambra Faint Object
Spectrograph and Camera (ALFOSC) and the Nordic Optical Telescope near-infrared Camera (NOTCam); The 10.4 m Gran Tele-
scopio Canarias (GTC), at Observatorio Roque de Los Muchachos, La Palma, Spain, with the Optical System for Imaging and
low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS) instrument.

The initial reduction of all raw photometric data was performed using standard procedures within the IRAF (Tody et al. 1986)
environment. This process consisted of bias, overscan, trimming, and flat-fielding corrections. When multiple images in a band
were observed in one night, we median-combined them into a single frame to increase the S/N. Subsequently, we performed the
photometric measurements on these science images using the dedicated pipeline ecsnoopy”, which integrates several photometric
packages, such as SEXTRACTOR (Bertin & Arnouts 1996) for source extraction, DAOPHOT (Stetson 1987) for magnitude measure-
ments, and HOTPANTS (Becker 2015) for image subtraction. Given that SN 2022ngb was contaminated by its host galaxy, we used
the template-subtraction technique to remove the background contamination. Specifically, the SN instrumental magnitudes were
measured using the Point Spread Function (PSF) fitting technique. The PSF model was constructed by fitting the profiles of isolated
and nonsaturated stars in the SN field. The resulting modeled PSF profile was subtracted from the original frames, and the residuals
at the position of SN were used to evaluate the fitting quality. If the SN is not detected, a magnitude limit was provided.

Then, the SN instrumental magnitudes were calibrated through the instrumental zero points (ZPs) and color terms (CTs), which
were inferred from observations of standard stars on photometric nights. Specifically, Johnsonn-Cousins magnitudes were deter-
mined from the Landolt (1992) catalogue, while Sloan-filter magnitudes were calibrated using reference stars of the Pan-STARRS
catalogue. In order to correct the ZPs on nonphotometric nights and improve the SN photometric calibration accuracy, we also
applied the corrections of a local sequence of standard stars in the vicinity of the SN.

Photometric errors were estimated through artificial star tests. Several fake stars with known magnitudes were evenly placed
near the position of SN 2022ngb. The magnitudes of the simulated stars in the frame were subsequently measured with the PSF
fits. The standard deviation of individual artificial star experiments was in quadrature combined with the PSF-fit and ZP-calibration
errors, which finally provides the total photometric errors.

NIR data were reduced following similar procedures as the optical ones. Raw images were first reduced with bias correction,
flat fielding, and distortion correction. We then median-combined several dithered science images to construct sky frames, which
were combined to increase the S/N. In particular, the pre-reduction of NOT/NOTCam raw images was performed using a dedicated
pipeline of NOTCam (version 2.5). Instrumental magnitudes were measured through the PSF fits, and the final apparent magnitudes
were calibrated using the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) catalogue.

In addition, we also collect archival data from some public surveys, including ATLAS, ZTF, and Pan-STARRS. The ATLAS c-
and o-band light curves are retrieved from the ATLAS forced photometry service (Shingles et al. 2021). Using the script provided
by Young (2024), we stack the ATLAS photometric data in 1-day intervals for the early data and 3- or 5-day intervals for the
late time data. The stacking uses the rolling-window technique to identify outliers and bin the data. ZTF g- and r-band data were
obtained through ALeRCE (Forster et al. 2021) and Lasair (Smith et al. 2019) brokers. Pan-STARRS 2 (PS2; Flewelling 2018;
Chambers et al. 2019) images were processed with the Image Processing Pipeline (IPP; Magnier 2006; Magnier et al. 2020) and
calibrated to the Pan-STARRS DRI catalogue (Flewelling et al. 2020). Additionally, some early data were retrieved from TNS
AstroNotes® in griz bands (Chen et al. 2022).

Finally, the resulting optical and NIR magnitudes are reported in electronic form at the CDS.

B.2. Spectroscopic data reduction

The spectroscopic data were obtained using the following telescopes and instruments: the 1.82 m Copernico Telescope with AFOSC;
the 2.56 m NOT with ALFOSC; the 10.4 m GTC with OSIRIS; the 3.6 m Telescopio Nazionale Galileo (TNG) at Observatorio
Roque de Los Muchachos, La Palma, Spain, with its Low Resolution Spectrograph (LRS); the 11 m Hobby-Eberly Telescope (HET;
Ramsey et al. 1998; Hill et al. 2021) at the McDonald Observatory, Texas, USA, with its Low Resolution Spectrograph 2 (LRS2;
Chonis et al. 2016).

The raw spectroscopic data of SN 2022ngb were processed using standard routines within the IRAF package. Initial calibration
steps, including bias subtraction, overscan correction, flat-fielding, and image trimming, were performed in an approach similar to
the photometric data reduction described in the above Sect. B.1. The one-dimensional spectra were then optimally extracted from
the processed two-dimensional frames. Wavelength calibration was achieved using arc-lamp observations taken during the same
night, and flux calibration was performed using spectrophotometric standard stars. To verify the accuracy of the flux calibration, the
calibrated spectra were checked and scaled against contemporaneous photometry of SN 2022ngb. Finally, the spectra of standard
stars were also used to remove the telluric absorptions from the SN spectra. A detailed description of the spectroscopic observations
is reported in Table 2.

3 ecsnoopy is a package for SN photometry using PSF fitting and/or template subtraction developed by E. Cappellaro. A package description

can be found at https://sngroup.oapd.inaf.it/ecsnoopy.html
6 AstroNote 2022-131: https://www.wis-tns.org/astronotes/astronote/2022-131
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