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Abstract

Supernovae (SNe) are among the most energetic and transient events in the universe,
offering crucial insights into stellar evolution, nucleosynthesis, and cosmic expansion.
Optical observations have historically played a central role in the discovery, classification,
and physical interpretation of SNe. In this review, we summarize recent progress in
the optical study of SNe, with a focus on advancements in time-domain surveys and
photometric and spectroscopic follow-up strategies. High-cadence optical monitoring is
pivotal in capturing the diverse behaviors of SNe, from early-time emission to late-phase
decline. Leveraging data from ARIES telescopes and national/international collaborations,
we systematically investigate various SN types, including Type lax, IIP/L, IIb, IIn/Ibn and
Ib/c events. Our analysis includes light curve evolution and spectral diagnostics, providing
insights into early emission signatures (e.g., shock breakout), progenitor systems, explosion
mechanisms, and circumstellar medium (CSM) interactions. Through detailed case studies,
we demonstrate the importance of both early-time and nebular-phase observations in
constraining progenitor and CSM properties. This comprehensive approach underscores
the importance of coordinated global efforts in time-domain astronomy to deepen our
understanding of SN diversity. We conclude by discussing the challenges and opportunities
for future optical studies in the era of wide-field observatories such as the Vera C. Rubin
Observatory (hereafter Rubin), with an emphasis on detection strategies, automation, and
rapid-response capabilities.

Keywords: supernova; thermonuclear supernovae; core collapse supernovae; optical
observations; photometry; spectroscopy

1. Introduction

Supernovae (SNe) are energetic explosions that mark the final stages of stellar evo-
lution. They can either arise from the core-collapse of a massive star (Core-Collapse SN
or CCSN) or a thermonuclear explosion of white dwarfs. The study of SNe carries vast
implications in many aspects of astrophysics. While lighter elements are synthesized in
stellar cores prior to the explosion, SNe are primarily responsible for the formation and
distribution of elements heavier than iron. These elements are the building blocks of

Universe 2025, 11, 361

https://doi.org/10.3390 /universe11110361


https://doi.org/10.3390/universe11110361
https://doi.org/10.3390/universe11110361
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0003-1637-267X
https://orcid.org/0000-0001-6191-7160
https://orcid.org/0009-0002-2621-6611
https://orcid.org/0000-0002-0394-6745
https://orcid.org/0000-0002-3884-5637
https://doi.org/10.3390/universe11110361
https://www.mdpi.com/article/10.3390/universe11110361?type=check_update&version=3

Universe 2025, 11, 361

2 of 35

planet formation and the biochemistry of life itself. They are the progenitors of all compact
objects like neutron stars and black holes. SN influence galactic evolution and dynamics
by disrupting interstellar gas and dust clouds, triggering star formation. Type Ia SNe are
used as “standard candles” and provide an important rung in the current cosmic distance
ladder to measure cosmological distances. Additionally, it has been theorized that SNe can
contribute significantly to the cosmic rays and the cosmic dust budget.

From the diverse physical conditions that can result from the complexities of stellar
evolution, SNe show a great diversity among themselves. They are traditionally classified
based on their early-time (peak) spectra, which provide the most immediate and acces-
sible diagnostic information [1]. The primary distinction is between Type I SNe, which
lack hydrogen lines in their spectra, and Type II SNe, which exhibit prominent hydrogen
features [2]. These types are further subdivided into several subtypes based on the pres-
ence/absence of other elements (such as helium and silicon) and the evolution of their
light curves and spectra over time. Among the various subtypes, only Type la originates
from thermonuclear explosions of white dwarfs in binary systems and is identified by
the presence of strong Si II absorption features in its spectra. Contrary to Type Ia SNe,
all other SNe are considered to result from the gravitational collapse of massive stars
28 Mg [3].

The Type II SNe are further divided into IIP, IIL, IIb, and IIn. Traditionally, the
classification between Type IIP and IIL is based on the light curve decline rate from the
peak luminosity; however, recent studies have shown that the IIP/IIL /IIb subtypes can
be explained as part of a continuous population with decreasing hydrogen envelope
mass before the SN explosion [4-6]. The hydrogen-deficient SNe are classified as Type Ib
(presence of He) and Ic (lack of He). This classification scheme, despite being empirically
motivated, subtly reveals the mass-loss hierarchy in stellar evolution. This classification
paradigm and the prominent classes are shown in Figure 1.

The observed variety among CCSNe has been traditionally attributed mainly to
differences in the progenitor star’s initial mass, composition, rotation, and explosion
energy. However, the Circumstellar Material (CSM) plays an equally critical role in shaping
the explosion outcomes. Massive stars undergo substantial mass loss during their lifetimes
through stellar winds, binary interactions, and eruptive outbursts [7]. This expelled material
accumulates around the star as CSM. The CSM around the progenitor star can become
ionized from the shock-breakout emission or continued shock interaction with the CSM
itself. When the CSM recombines, narrow lines are seen in the spectra, characteristic of
the slow CSM velocity. Depending on the extent and density of the CSM, its effect can
manifest anywhere from short-lived flash-ionization features seen early in the spectrum
of SNe [8,9] to interaction features seen in SNe lasting years, even decades [10,11]. Since
mass loss is such a ubiquitous phenomenon, CSM is ever-present in the surroundings of
massive stars, albeit with different densities and configurations. However, electromagnetic
emissions from interaction with low-density CSM can be too faint to be detected. But
many SNe can have dense CSM in the immediate vicinity of the progenitor star, giving
rise to flash features [8]. On the contrary, SNe can also have dense CSM that is located
at a distance that eventually shows interaction signatures, as the high-energy photons
from the shock breakout or the SN ejecta itself reach distant CSM [12-15]. SNe that show
lasting interaction with dense CSM through most of their lifetime are called interacting
SNe. They show narrow spectral lines and are distinguished with the letter ‘n’ in the usual
SN taxonomy. SNe of Type IIn are distinguished by the presence of narrow H lines in the
spectra. Similarly, Type Ibn and Icn SNe show narrow lines of He and C/N/O, respectively.
The presence of CSM can complicate the studies of SNe, but in turn, it provides valuable
insights into the pre-explosion mass-loss processes and the final phases of stellar evolution.
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In this review article, we discuss various aspects of the optical emission from SNe.
The light curves and spectra of the different subtypes of SNe are presented and compared
at different phases of SN evolution. The explosion and progenitor properties of SNe, such
as the initial mass of the progenitor, pre-SN mass and radius, explosion asymmetry, etc.,
derived from the optical observations are also discussed in this review. We have taken
representative SNe of different subtypes, which were studied by our group. However, this
may not represent the entire diverse population and progenitors of SNe.

A valuable resource for researchers on SNe is the book on “Supernova Explosions” by
David Branch and Craig J. Wheeler [16], which provides a comprehensive introduction to
SNe, including the historical development of the field, their observational characteristics,
combined with theoretical models.

The paper is structured as follows: the detection and observations of SNe are discussed
in Section 2. The properties of rare Type lax SNe are discussed in Section 3. A detailed
discussion on CCSNe of Type IIP/L is presented in Section 4, followed by the stripped
envelope SNe in Section 5. The properties of the interacting class of SNe are elaborated in
Section 6. A summary based on this study is given in Section 7.
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Figure 1. The traditional classification scheme of SNe. The envelope stripping increases as we go
from left to right in the figure. The bottom panel shows the interacting SNe where the spectrum is
primarily influenced by CSM constitution, especially at early phases. Each subtype is shown with a
representative spectra near peak light (SNe 1999em [17], 2014G [18], 1993] [19], 2007Y [20], 19941 [21],
2011fe [22], 20104l [23], 2006jc [24], 2019hgp [25]).
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2. Detection and Observation of SNe

SNe are a rare class of extragalactic transients that are often discovered with the help
of dedicated transient survey programs. These can be in the form of a sky transient survey,
where the imaging is performed over the entire visible sky area. Depending on the science
requirement, the imaging is scheduled at a predefined cadence. Modern surveys usually
employ automated techniques for transient search in the large volumes of acquired image
data. Examples include the Zwicky Transient Facility (ZTF, [26]), Asteroid Terrestrial-
impact Last Alert System ATLAS [27], Panoramic Survey Telescope and Rapid Response
System Pan-STARRS [28], All Sky Automated Survey for SuperNovae ASAS-SN [29], and
the new Rubin Observatory. The International Liquid Mirror Telescope ILMT [30] at the
Aryabhatta Research Institute of Observational Sciences (ARIES) is India’s first optical
survey telescope that also uses this approach to search for transients in the visible zenith sky.

Alternatively, some transient search programs also perform a targeted survey of a
predefined sample of nearby galaxies to search for transients. Such a program is often
advantageous in terms of a smaller response time, enabling early detection of bright
events. An example of such a program is the Distance Less than 40 Mpc survey DLT40 [31].
Additionally, amateur astronomers contribute immensely towards the early detection and
reporting of bright SNe events. All detected SNe are reported by the different groups to
the Transient Name Server (TNS)!, which is the official International Astronomical Union
(IAU) mechanism for reporting new astronomical transients.

2.1. Observing Facilities and Follow-Up Strategy

ARIES, located in Nainital, India, operates modern optical observational facilities,
including the 1.04 m Sampurnanand Telescope ST [32], 1.3 m Devasthal Fast Optical Tele-
scope (DFOT) [33], 3.6 m Devasthal Optical Telescope (DOT) [34], and the 4 m ILMT.
These telescopes are located in the Manora Peak and Devasthal Observatories of ARIES,
Nainital (India)?. These facilities provide regular imaging and spectroscopic capabili-
ties that are well-suited for monitoring transient astrophysical events. Their strategic
location, in the middle of the wide longitude band of Eastern Australia and the Canary
Islands, and dedicated follow-up programs make ARIES an important contributor to time-
domain astronomy, particularly in the study of SNe, variable stars, and other rapidly
evolving transients.

SN research at ARIES has utilized the data from three telescopes, viz. ST, DFOT and
DOT. During the early bright phase of the SN, high-cadence photometric follow-up is
performed using the two 1 m class telescopes (ST and DFOT) in Bessel and Sloan Digital
Sky Survey (SDSS) filters. Deep photometry is performed for nebular phases with the DOT
equipped with the IMAGER [35] and the ARIES Devasthal Faint Object Spectrograph and
Camera ADFOSC [36]. ADFOSC is also used for spectroscopic observations of SNe brighter
than 18.5 mag in the V-band. A complete list of the telescopes in ARIES and the backend
instruments used for SNe observations is provided in Table Al.

In addition to the telescopes in ARIES, nebular phase imaging and spectroscopic
observations are also acquired with the Himalayan Faint Object Spectrograph and Camera
(HFOSC) instrument on the 2.01 m Himalayan Chandra Telescope (HCT) [37] located in
Hanle, Ladakh (India). Our observations are further strengthened by several coordinated
international campaigns, which aim to systematically fill in the existing data gaps through
multi-wavelength monitoring and collaborative follow-up efforts across different observa-
tories worldwide. One of the primary observing nodes is the Las Cumbres Observatory
(LCO) [38] network of telescopes as a part of the Global Supernova Project (GSP).

With the commissioning of the 4 m ILMT, the SN research at ARIES has expanded
to include the study of direct discoveries. The ILMT performs continuous monitoring
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of the zenith sky with a one-day cadence, searching for new transient candidates. The
telescope has a dedicated pipeline [39] that performs image subtraction in near real-time
on the images acquired and produces a list of transient candidates. The candidates are
then passed on to a trained convolutional neural network (CNN)-based algorithm to filter
out spurious candidates. The candidates are further sub-classified into various subtypes,
viz. variable-star-like, SN-like, and orphan (e.g., asteroid) candidates. The candidates are
further cross-matched with the public catalogs to remove the known sources of variability.
The good candidates with multiple detections are reported to the TNS and are monitored
with the ILMT and other facilities.

2.2. Selection of Targets for Follow-Up Observations

Bright SNe (discovery magnitude < 18) are selected for follow-up from the TNS,
focusing on nearby events (z < 0.1) to facilitate detailed observations at different phases
of the SN evolution. The declination range (—30° < § < +90°) is set by the observatory’s
latitude, covering a range of right ascension (RA) values governed by the source visibility
during observing cycles. Brighter events suitable for long-term monitoring are preferred,
with observations typically conducted during dark or gray nights. Data obtained from the
ARIES telescopes are supplemented with data from other facilities (e.g., LCO) to improve
temporal coverage and constrain the evolution across all phases. In addition, bright
transients (with discovery magnitude between 15 and 19 mag in the r-band) discovered or
identified by the ILMT are systematically followed up with the ARIES telescopes. Since the
first light of the ILMT in April 2022 and by the conclusion of the last observation cycle in
May 2025, 21 SN candidates have been identified with the ILMT. These include the five
new discoveries viz. AT 2023yjc, 2024fxn, 2024zsm, 2024agkc, and 2024aifv, which were
subsequently reported to the TNS.

Over the last decade (2014-2025), we have undertaken observational campaigns
focused on the photometric and spectroscopic monitoring of SNe of various types. We
were successful in initiating observations of nearly 160 SNe with ARIES facilities. The pie
chart in Figure 2 (top) shows the distribution of SNe types in our observing sample. In
the chart, Type Il includes IIP, IIL, IIb, and IIn SNe. Type la consists of both normal Type
Ia and Ia-pec SNe (91T-like, 91bg-like, [a-CSM, and lax). Type Ib, Ic, and Broad Lined Ic
are included collectively in Type Ib/c, while Others include all other SN-like transients
(e.g., Super Luminous SNe (SLSNe), Luminous Blue Variables (LBVs), Luminous Red
Novae (LRNe), etc.). For some of the SNe, the observing efforts were supported by a wide
range of national and international facilities, which enabled well-sampled temporal and
spectral coverage. However, for some events, the observations were limited due to factors
such as poor weather, faster decline of the transient, visibility, etc. The distribution of
discovery magnitudes (collected from the TNS reports) of SNe subsequently observed with
the ARIES facilities is shown in Figure 2 (bottom). It highlights that ARIES has successfully
initiated monitoring campaigns for events spanning a wide brightness range, from 13 mag
down to 21 mag. Through our monitoring campaigns, we have comprehensively studied
diverse SN subtypes, and the resulting datasets have been published in numerous peer-
reviewed journals.
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Figure 2. (Top figure): Pie chart showing the distribution of SN subtypes observed with the ARIES
facilities. (Bottom figure): Histogram of discovery magnitudes of SNe observed with the ARIES
facilities. The discovery magnitude of the SNe is collected from the TNS reports.

3. Tracing the Rare Type Iax Themonuclear Explosions

Type la SNe are believed to be the thermonuclear explosions of white dwarfs in binary
systems and are identified by the presence of strong Si II absorption features in their
spectra. These events are typically luminous, with a characteristic peak B-band absolute
magnitude of about M = —19.3 mag [40]. Type la SNe display a well-established correlation
between their peak luminosity and the subsequent decline rate of their light curves. This



Universe 2025, 11, 361

7 of 35

empirical relation, often referred to as the Phillips relation, enables their calibration as
standardizable candles, thereby making Type Ia SNe one of the most powerful tools
for measuring extragalactic distances and constraining cosmological parameters [41,42].
Several peculiar subtypes of Type Ia SNe have been identified, spanning a wide luminosity
range and occupying the two extremes of the distribution, with 1991T-like events [43]
towards the bright end and 1991bg-like events [44] situated at the fainter end. Over the
past two decades, a distinct subclass of Type la SNe—collectively referred to as Type lax
SNe—has emerged [45]. Type Iax SNe serve as a bridge between 1991T-like and 1991bg-like
events, exhibiting luminosities comparable to 1991bg-like SNe while showing spectral
features more consistent with 1991T-like SNe [45,46]. These events are estimated to occur at
a rate of approximately 31 ﬂg for every 100 normal Type Ia SNe. Type lax SNe differ notably
from their normal counterparts in both photometric and spectroscopic characteristics. One
key difference is the absence of the secondary peak typically seen in the near-infrared (NIR)

light curves of normal Type Ia SNe, which is not present in Type Iax SNe [47].

3.1. Light Curve and Spectral Characteristics of Type lax SNe

Type Iax SNe are low-luminosity, peculiar cousins of Type Ia SNe. They are charac-
terized by a wide luminosity range from M, = —12.7 mag [48] to Mp = —18.3 mag [49].
Unlike normal Type Ia SNe, Type Iax SNe lack a secondary maximum in their NIR light
curves [47]. These events typically exhibit a faster rise to maximum brightness and a more
rapid decline in the bluer bands [46,50-52]. These events display a broad range in peak
luminosities, corresponding to a wide spread in the synthesized °Ni mass (varying from
872x107* My, [48] to 0.3 M, [49]).

Spectroscopically, they exhibit weaker Si IT features than normal Type Ia SNe [53], with
early-time spectra dominated by Fe 11, Fe 111, and intermediate-mass element (IME) features,
such as Ca, Mg, and Si, during early phases. Their expansion velocities are typically about
half of those of normal Type Ia SNe, ranging from approximately 2000 km s~! [54] to
8000 km s~! [49,55]. At late times, their spectral evolution deviates significantly from
normal Type Ia SNe. Type lax SNe attain only a partial nebular phase; notably, a fully
nebular spectrum is yet to be observed, as P-Cygni profiles remain prominent even after
hundreds of days since the explosion [56]. Their late-time spectra exhibit a mix of permitted
iron features along with forbidden emission lines [57].

With our first detailed analysis of a Type Iax SN 2014dt, we concluded it to be a bright
Type Iax with peak absolute magnitude My = —18.33 & 0.02 mag [58] similar to SNe 2005hk
and 2012Z. The spectroscopic features and lower photospheric velocities confirm the Type
Iax nature of SN 2014dt. Interestingly, no source at the location of the SN was identified
in deep pre-explosion Hubble Space Telescope (HST) images [59]. Different progenitor
scenarios were presented for SN 2014dt, for e.g., a carbon-oxygen white dwarf with a
helium-star companion [59]. Late-time Infrared (IR) excess suggests either a pre-existing
dust shell from a giant companion [60] or, more plausibly, emission from a bound remnant
with a super-Eddington wind [57], consistent with late-time behavior seen in Type Iax SNe.

3.2. Are Type lax SNe Heterogeneous in Nature?

Unlike Type Ia SNe, Type Iax SNe show negligible to no clear correlation between
their peak luminosity and decline rates [45,50,61,62] indicating substantial heterogeneity.
A few notable outliers include SNe 2007qd [61], 2009ku [62], and 2014ck [63]. Ref. [64]
recently revised the earlier scaling relations using well-observed Type Iax SNe to date
and proposed a possible bimodal distribution within the class (Figure 3). In the brighter
subset of Type Iax SNe (Mr < —17.1 mag), there is a moderate inverse relationship between
peak brightness and decline rate, with a Pearson correlation coefficient of 0.49 (p = 0.044),
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implying that more rapidly fading SNe tend to be less luminous. Conversely, within the
fainter group (Mr > —14.64 mag), a strong positive trend is observed (Pearson coefficient
—0.85, p = 0.070), where faster-declining SNe appear to be brighter. Given the limited
number of Type Iax SNe studied to date, a larger sample encompassing the full luminosity
range is necessary to verify the existence of these distinct trends. A similar study was
also performed to study the correlation between peak luminosity and rise time of Type Iax
SNe [50,64]. There appears to be a moderate negative correlation between brightness and
rise time (Pearson coefficient = —0.53, p = 0.02), suggesting that more luminous Type lax
SNe tend to rise more slowly to peak.
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Figure 3. The bimodal distribution of Type Iax SNe in terms of the peak absolute magnitude and rise
time in r/R-band [64].

3.3. Progenitors of Type lax SNe

The reduced explosion energy observed in Type lax SNe has led to the hypothesis that
their progenitor systems may not align with those typically invoked for standard Type
Ia SNe. Understanding the explosion mechanisms and progenitor systems of Type lax
SNe is a key area of investigation. Observational characteristics of the bright Type lax
SNe [50,64—67] are consistent with being the outcome of weak deflagrations in C-O white
dwarfs [68]. Alternatively, a disk detonation mechanism involving the merger of a white
dwarf with a neutron star or black hole has been proposed to explain certain observed
traits [69]. For the faintest Type lax SNe, a broader diversity of progenitor scenarios
has been considered. These include mergers between carbon-oxygen and oxygen-neon
white dwarfs [70], partial deflagrations in hybrid C-O-Ne white dwarfs [71-73], pure
deflagrations in C-O white dwarfs [74], as well as core-collapse mechanisms [75]. Other
possibilities include mergers between O-Ne white dwarfs and compact objects such as
neutron stars or black holes [76], and electron-capture SNe from super-asymptotic giant
branch (AGB) progenitors [77].

Although several models have been proposed, the lack of a substantial sample of
well-observed Type lax SNe hinders any strong assertion of a single progenitor channel
or explosion mechanism applicable to the entire class. The detection of outliers within the
Type lax class, such as SNe 2009ku [62] and 2014ck [63], highlights the need for detailed
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investigations to better understand the nature of this peculiar subclass of Type Ia SNe. So
far, only three Type lax SNe with intermediate luminosities (SNe 2019muj [78], 2024px1 [79],
and 2025qe [80]) have been identified. Given the pronounced heterogeneity observed at
both the bright and faint ends of the Type lax luminosity distribution, it is crucial to closely
examine the intermediate-luminosity events. Such analysis may help determine whether
they represent a transitional population within a continuous distribution or reflect further
diversity in progenitor systems and explosion mechanisms.

4. Diversity in Core Collapse SNe of Type IIP/IIL: Observational Insights

The most abundant subclasses of CCSNe are the hydrogen-rich Type IIP/L SNe [81],
collectively referred to as Type II SNe. Around 80% [82,83] of Type II CCSNe fall into this
category. Both direct detections [84-87] and theoretical models [88,89] suggest that their
progenitors are red supergiant stars (RSGs) with extended hydrogen envelopes. Following
the explosion, the shock breakout ionizes this envelope, and the subsequent recombination
results either in an approximately constant luminosity phase (Type IIP) or a linearly de-
clining phase (Type IIL). Type IIL SNe exhibit a faster decline and a shorter recombination
phase than Type IIP SNe which is most likely due to a smaller hydrogen envelope mass
and/or a steeper density gradient in the envelope [90-93]. Hydrogen envelope mass alone
cannot account for the observed diversity in Type II light curves. Radiative transfer and
hydrodynamical models by Hillier and Dessart [94] suggest that interaction with CSM is
also a key factor. In some cases, asymmetric CSM distribution may play a role in shaping
the observed features of Type IIL SNe [95].

4.1. Photometric Evolution of Type I SNe

Being the most abundant subtype, Type IIP SNe exhibit a diverse range of photometric
properties in terms of absolute magnitude (—18 > My > —14 mag [4]), plateau length
(~60-140 days [96]), synthesized **Ni mass (0.001-0.360 M, [97]), etc. This diversity is
caused by the properties of the progenitor, such as the zero-age main sequence (ZAMS)
mass, metallicity, ejecta density structure, pre-SN mass loss history, explosion energy,
structure, and composition of the surrounding CSM. Type II SNe exhibit significant diversity
in their light curves, as evident from the absolute V-band light curves of seven events
observed with the ARIES telescopes (supplemented by data from other facilities ) (Figure 4).
The constant luminosity plateau is more prominent at longer wavelengths (R, I, NIR)
because the emission in these bands is dominated by the hydrogen recombination front,
while the flux in the blue bands (U, B) declines more rapidly due to line blanketing and
its stronger sensitivity to temperature [4,94,98]. While the majority of Type II SNe exhibit
plateau durations between 80 and 120 days, a small but growing sample shows shorter
plateaus (less than 80 days), and an extended plateau lasting longer than 120 days has
been observed in some cases. The SNe shown in Figure 4 have varied plateau durations:
short plateau SN 2020jfo (67 days) [99], normal plateau duration SNe 2014cx (110 days) and
2015cz (114 days) [100], and long-plateau duration SNe 2014cy (125 days), 2015an (130 days),
2015ba (123 days), and 2016B (134 days) [100-103]. The absolute V-band magnitudes span
a range from —18 to —16 mag. The inferred progenitor properties, explosion parameters,
synthesized *°Ni mass, and the structure and composition of the surrounding CSM differ
across these events.
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Figure 4. The absolute V-band light curves of Type II SNe. The distances adopted to estimate
the absolute magnitudes are SNe 2014cx (18.5 + 1.1 Mpc); 2014cy (23.4 = 1.6 Mpc); 2015an
(30.5 =+ 0.6 Mpc); 2015ba (34.8 £ 0.7 Mpc); 2015¢z (63.7 & 5.7 Mpc); 2016B (26.8 &= 4.9 Mpc) and 2020jfo
(14.51 £ 1.38 Mpc). The three vertical lines at 75, 100, and 120 days represent the typical plateau
duration in short-, normal-, and long-plateau SNe. Analytical fit based on [96] is used to extract the
light curve parameters such as ag, which indicates the magnitude drop from the recombination phase
to the linear tail; w, which indicates the width of this transition phase (~6wy); tpr, which is a proxy
for plateau length; and pg, which constrains the slope before and after the drop. The inset shows the
best-fit analytical model to the light curve of SN 2015cz [100] and the best-fit parameters.

4.2. Spectroscopic Insights of Type II SNe

Early phase: The early time spectra of Type Il SNe are heavily influenced by their
immediate environment. Many massive stars are surrounded by CSM as a result of mass
loss during their evolution. When the star explodes, the shock breakout releases high-
energy radiation that ionizes the surrounding CSM. As this ionizing radiation passes
through and diminishes, the CSM begins to recombine, producing narrow emission lines
whose intensity and duration depend on the electron density [104]. These narrow emission
signatures in the very early spectra are often referred to as “flash features”. Typical flash
features include lines of He 11, C 111, C 1V, N 1V, N vV, and O 1V. These flash features can
last from a few days SN 2013fs [105] to about a week or so SN 2023ixf [106]—making
early observations critical to uncovering these fleeting features. However, if the CSM is
optically thick and the shock continues to energize it, the ionization can persist beyond this
phase [107]. As the SN ejecta expands and engulfs the CSM, these high-ionization lines
fade and transition into lower-ionization features like N 111 and O 111, reflecting the cooling
of the circumstellar environment.

Although such features were rarely observed in the past—limited to a handful of events
like SNe 1983K [108], 1990E [109], and 1998S [110}—the advent of high-cadence surveys has
transformed our ability to capture them. Early-time detections from SNe PTF1ligb [111],
2013fs [105], and 2016bkv [112] reveal that flash features are more common than pre-
viously thought. Indeed, ref. [8] found that 18% of SNe observed within five days after
explosion exhibit such features, and [113] extended this to 36% for those observed within
48 h. These early emission lines not only trace the immediate pre-explosion environment
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but also offer insights into the progenitor’s wind velocities, mass-loss rates, and chemi-
cal composition [114,115]. The top panel in Figure 5 shows the presence of these “flash
features” in five Type II SNe (2013fs [116], 2018lab [117], 2021yja [118], 2023ixf [119],
2024ggi [120]). Some Type II SNe lack strong emission lines and instead exhibit ex-
tended spectral features, such as a distinctive asymmetric “ledge-shaped” feature around
4500-4800 A [118]. The “ledge feature” is marked in the top panel of Figure 5. In SN 2013fs,
this feature was interpreted as a broad and blue-shifted component of He I emission arising
from the SN ejecta underneath the CSM [116]. Conversely, [118] proposed this feature to
arise from the blending of several high ionization lines (e.g., He 11, C 111, C 1v, N IV, and N V)
driven by weak CSM interaction. In the absence or disappearance of these flash features,
the early spectra of Type Il SNe are relatively blue and featureless, as the photosphere lies
in the outermost layers of the ejecta.

Photospheric phase: The photospheric phase spectra of Type II SNe mainly consist of
the Ha profile along with various Fe 1I lines (middle panel of Figure 5). The prominence of
the absorption dip in the P-Cygni® profile of the Ha line identifies a SN as a Type II, and
the ratio of absorption to emission profile correlates with the expansion velocity of the SN
ejecta [121]. A small dip on the blue side of the absorption component of Ha has been
reported in a number of Type II SNe [101-103,122-124]. Ref. [122] referred to these as
“complicated P-Cygni profiles”, appearing on the blue side of the Balmer lines, while [125]
termed this feature as “Cachito”. This feature appears either during the early cooling phase
or the hydrogen recombination phase up to around 100-120 days since the explosion, with
its shape and strength evolving over time. In some Type II SNe, this blueward feature of
the Ha line has been identified as Si 11 (6355 A) [101,123], while some studies suggest it to
be a high-velocity component of hydrogen [102,103,126,127].

Ref. [125] argued that if the “Cachito” originates from Si 11, its velocity should match
that of other metal lines observed at similar epochs. In contrast, if it is associated with
hydrogen, its velocity would be comparable to that of the early-time Ha line, and a corre-
sponding absorption would also be expected blueward of HB. The detection of Si 11 at early
times typically indicates a progenitor with a larger radius, which leads to slower ejecta
cooling and increases the likelihood of Si 1T detection. Alternatively, if the feature arises
from high-velocity hydrogen, it likely results from the excitation of the outer ejecta layers
with photons produced through the interaction of the SN ejecta with the dense wind of
an RSG. In such cases, the shape and persistence of the Cachito feature are governed by
the density of the surrounding wind [127]. Figure 6 illustrates the presence of the Cachito
feature in SN 2014cx, detected in both the Ha and Hp lines.

Nebular phase: As the SN enters the nebular phase, the spectra become emission-
dominated due to the optically thin, low-density medium. The Ha emission line
(6563 A) is the most prominent in each spectrum, along with detectable features of Hp, Fe 11
(5169 A), Na 1D (5890, 5896 A), and the Ca 11 NIR triplet (8498, 8542, 8662 A). Several
forbidden emission lines, such as [Ca 11] (7291, 7323 A), [O 1] (6300, 6364 A), also become
apparent (bottom panel of Figure 5). The [O 1] lines are weak in the early nebular phase (e.g.,
SN 2014cx), but as SN evolves, this line becomes prominent (e.g., the 365-day spectrum
of SN 2020jfo). Among other metal features, the Ca II NIR triplet is typically the strongest
in the nebular phase; however, in the late-time spectrum of the short-plateau SN 2020jfo,
these lines are relatively weak. Instead, this spectrum shows a striking [Ni 1] (7378 A)
emission, stronger than [Fe 11] (7155 A)—a feature usually characteristic of low-luminosity
Type II SNe.
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Figure 5. (Top Panel): The early phase spectra of five Type II SNe. Narrow emission lines (“flash
feature”) over the continuum are visible. A “ledge-shaped” feature appears around 4500-4800 A,
highlighted in pink color, arising from the blending of multiple high-ionization lines. (Middle Panel):
The photospheric phase spectra of six Type II SNe at around 50 days are shown. A prominent Hx
P-Cygni profile, along with other metal lines (e.g., Fe 11, Ca 11 NIR triplet, Na ID), is visible in all
spectra. (Bottom Panel): The nebular spectra of five Type II SNe at different epochs are shown. A
prominent Ha emission line is visible in all spectra. Forbidden lines (e.g., [O 1], [Fe 11], [Ca 1I]) appear
due to the low-density medium.
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Figure 6. “Cachito” feature observed during the photospheric phase of the Type II SN 2014cx [100].
The high-velocity absorption dips on the blue side of Hx and Hp are marked. The dashed lines show
the model fits to the spectra, including both a normal and a high-velocity component of H.

The strength of nebular emission lines can be used to constrain the progenitor’s ZAMS
mass, which is proportional to the mass of the metal core as predicted by stellar evolution
models [128]. Ref. [129] demonstrated that the intensity of the [O I] (6300, 6364 A) doublet
in the nebular spectra of Type IIP SNe correlates with the ZAMS mass of the progenitor.
They computed model spectra for progenitors of 12, 15, 19, and 25 M, across several
nebular epochs [130]. By comparing observed spectra with these models at similar epochs,
progenitor masses can be constrained. Figure 7 presents such a comparison for the 177 d
nebular spectrum of SN 2016B to these models in order to estimate the progenitor mass.
The strength of the [O 1] doublet (6300, 6364 A) is best reproduced by the 15 M, (ZAMS)
model, whereas the 12 and 19 My models under- and overestimate the line strength,
respectively [103].
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Figure 7. Comparison of 177 d spectrum of SN 2016B [103] with the scaled model spectra of 12, 15,
and 19 Mg from [130].

4.3. Type IIP/L Conundrum

The distinction between Type IIP and IIL SNe was first introduced by [81], based on
differences observed in their optical light curves. Subsequent studies with limited sample
sizes [4,131,132] further supported the classification into these two subtypes. Approxi-
mately 70% of Type II SNe fall under the IIP category, while around 10% are classified as
IIL, based on a volume-limited observational sample [82].

While the primary distinction originally focused on light curve morphology—namely,
the presence or absence of a plateau—additional observational features have helped
to further characterize the two types. Type IIL SNe generally exhibit higher peak
luminosities [4,132,133], shorter plateau phases than Type IIP SNe [121,133], and faster
ejecta expansion velocities [132]. Moreover, spectroscopic differences include a weaker
absorption trough in the Ha P-Cygni profile of Type IIL SNe [134,135].

However, rather than representing two distinct populations, [4,5] proposed that
these SNe form a continuum of properties. This proposed continuum becomes appar-
ent when examining rapidly declining Type IIP events—those that decline at a rate of
about one magnitude per 100 days in the V-band during the photospheric phase. These
SNe exhibit light curve behaviors that bridge the gap between traditional Type IIP and IIL
subclasses [132].

The SNe 2014cx, 2014cy, 2015¢z, 2015ba, 2016B, and 2020jfo in our work span a range of
observational properties (peak brightness, variable plateau duration, wide range of decline
rates, presence of high-velocity hydrogen features and CSM interaction), highlighting the
complexity and diversity of the Type II SN population [99,100,102,103]. SN 2014cx shows
characteristics of a typical Type IIP SN with a slowly declining plateau, but with a shorter
plateau duration. The short plateau and presence of high-velocity hydrogen features
hint at CSM interaction and deviation from standard Type IIP behavior. SNe 2014cy and
2015cz exhibit steeper early decline rates, aligning with Type IIL-like light curves. But
SN 2016B, although with a steep early decline, displays a longer plateau duration than
typical Type IILs. The absence of the expected strong metal features during the plateau
phase in SN 2014cy and the presence of high-velocity hydrogen features in SN 2016B further
complicate the classification. Persistent high-velocity features in the late-time spectra of
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SN 2015ba, a luminous Type IIP with a long plateau, point to CSM interaction. SN 2020jfo
with a short plateau, typical of Type IIL SNe but with strong P-Cygni profiles during the
plateau phase—more akin to Type IIP behavior.

These SNe illustrate the limitations of a strict Type IIP/L dichotomy and highlight the
need for a more nuanced framework for classifying and interpreting Type II SNe in the era
of high-cadence, multi-wavelength surveys.

4.4. The “Red Supergiant” Problem

It is important to map the different explosions to their progenitor systems in order to
construct a consistent picture of stellar evolution. Early theoretical works [136-138] suggested
that Type IIP SNe arise from RSGs. Modern stellar evolution models [89,139] likewise predict
that all stars with initial masses 8 < M < 25-30 Mg, should end their lives as RSGs and
subsequently explode as CCSNe. High-resolution archival images of several Type IIP SNe
progenitors have confirmed this [84,87,140-142]. At present, there are ~30 confirmed cases
of RSG progenitors identified in pre-explosion imaging (see review by [143]). However,
direct detections of progenitors typically constrain Type IIP SN precursor masses close
to the theoretical low-mass limit of core collapse, i.e., 8.5 Mg (e.g., SN 2003gd) up to
16.5 Mg (e.g., SNe 2009kr, 2012ec) [84,87]. Similar constraints arise from nebular spectral
modeling [130,144], though see [145], whereas hydrodynamical models often yield higher
upper limits [146-149].

The hydrodynamical and analytical modeling in SN 2015ba suggested a relatively
massive progenitor of 24-26 M, [102]; however, its nebular spectra showed only weak
oxygen signatures, which is at odds with expectations for such a progenitor mass. This
suggests that the relationship between O-core and ZAMS mass may not be strictly linear and
that uncertainties in ejecta mixing may play a significant role. Alternatively, the progenitor
could have been a merger product, yielding an under-massive core relative to single-star
evolution (e.g., [150]). This highlights the difficulty of linking nebular abundances directly
to progenitor properties.

Collectively, such findings have raised the so-called “RSG problem”, while RSGs of
18-30 Mg, are known to exist in the Local Group, they appear to be absent as progenitors of
observed Type IIP SNe through direct detection. Several explanations have been proposed:
a steeper initial mass function (IMF) slope that reduces the expected number of massive
stars, enhanced late-stage mass loss redirecting stars into alternative SN channels (IIL,
IIn, Ibc), underestimated metallicities leading to higher mass-loss rates and earlier Wolf-
Rayet (WR) transitions, dust obscuration concealing massive progenitors in pre-explosion
imaging, and the possibility of failed SNe through direct black hole formation [84,151].

More recently, however, the significance of the RSG problem has been questioned.
Ref. [151] used Bayesian simulations to suggest an upper cutoff of as low as 15.7 + 0.8 M.
Ref. [152] provides a revised cutoff of 19f§ Mg, consistent with observational samples, and
does not strongly support a missing high-mass RSG population. Likewise, ref. [153,154], in
their latest progenitor analyses, conclude that current evidence is insufficient to confirm
the problem, given the small sample size, observational biases, and the possibility of failed
SNe. While the existence of massive RSGs in the Local Group is undisputed, whether they
contribute significantly to the observed SN population remains an open question.

5. The Stripped Envelope Group of CCSNe

Stripped-envelope SNe (SESNe) are core-collapse explosions from massive stars that
have lost part or all of their outer envelopes prior to collapse. They comprise Type Ilb,
Ib, and Ic SNe, classified based on the presence or absence of hydrogen and helium in
their spectra [1,155]. Type IIb SNe show transient hydrogen features that fade to reveal
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helium-dominated spectra, indicating progenitors that retain a thin residual hydrogen
envelope. Type Ib SNe lack hydrogen lines but display strong helium features, while Type
Ic SNe exhibit neither hydrogen nor helium lines, reflecting more extreme stripping.

Observationally, SESNe account for approximately 30-35% of all CCSNe, with typical
relative fractions of ~10% for Type IlIb, ~10-15% for Type Ib, and ~15-20% for Type
Ic [82,156,157]. Their progenitors are thought to be massive stars (28 M) that have
undergone significant mass loss either through strong stellar winds, as in WR stars, or via
binary interaction where a companion star strips away the outer hydrogen and helium
layers [158,159]. Type IIb progenitors are often identified as yellow or red supergiants
with thin hydrogen envelopes, whereas Type Ib and Ic SNe are more consistent with
compact helium or CO cores, respectively, with Type Ic involving the most extensive stripp-
ing [84,159,160].

Understanding SESNe is crucial for constraining the final evolutionary pathways of
massive stars, binary interaction physics, and their role in enriching the interstellar medium
with heavy elements. Additionally, broad-lined Type Ic SNe have been directly linked to
long-duration gamma-ray bursts (GRBs), connecting SESNe to the most energetic stellar
explosions in the Universe [161].

5.1. Light Curve and Spectral Characteristics of SESNe

The SESNe studied in [162-164] reveal a continuum of photometric properties. At
the fainter end, some events lack an early cooling peak yet display plateau-like features at
later times. SN 2015as (Type 1Ib) is an example, reaching a peak B-band magnitude of
~—16.8 mag with a rise time of ~22 days, showing no distinct early cooling peak but
developing a mild plateau between 70 and 100 days before declining gradually. At the brighter
extreme, certain SNe are more luminous at the peak and evolve rapidly. SN 2015ap (Type
Ib) attained My ~ —18.0 mag with a fast decline, requiring both radioactive °Ni decay and
magnetar input to reproduce its luminosity. SN 2016P (Type Ic) peaked at My ~ —17.5 mag
and exhibited a hybrid-powered light curve. Between these extremes lie transitional objects
that show slower-evolving light curves with intermediate luminosities. SN 2022crv (Type
IIb/Ib) peaked at My ~ —17.8 mag and evolved more gradually than SNe 2015ap and
2016P. Collectively, these events cover a wide range in luminosities (-16.8 to —18.0 mag),
rise times, decline rates, and the presence or absence of early cooling peaks and plateaus,
reflecting differences in progenitor envelope stripping, explosion energies, and the role
of CSM.

The spectral properties of these SESNe reinforce this continuum. Some Type IIb
SNe begin with strong hydrogen features that fade as helium emerges: SN 2015as ini-
tially displayed Balmer lines, which weakened with time, while He 1 P-Cygni features
became prominent after ~30 days, marking its transition toward an Ib-like spectrum. Other
SNe show persistent helium and heavier-element features. SN 2015ap, for instance, ex-
hibited early He 1, Fe 11, Mg 11, Na I, and Si II lines, while its nebular spectra revealed
asymmetric [O I] emission. Transitional behavior is again exemplified by SN 2022crv,
which displayed Ha absorption at early times that disappeared after maximum light,
while He I features simultaneously strengthened, confirming its Type IIb to Ib evolution.
Figure 8 (left panel) shows the representative spectral evolution of Type IIb and Ib SNe.
The spectral features highlight that Type IIb and Ib are linked by a continuum of hydrogen
and helium envelopes, i.e., both have some amount of remaining hydrogen and helium.
Classical Type Ic events lack helium entirely: SN 2016P showed no He features, with
spectra dominated by Fe-group absorption lines and prominent O lines (Figure 8 right
panel). Late-time nebular spectroscopy provides additional progenitor constraints. For
e.g., MASTER OT ]120451.50+265946.6 (M12045), a rapidly declining but spectroscopi-



Universe 2025, 11, 361

17 of 35

cally normal SN, exhibited nebular-phase signatures consistent with a massive progenitor
(~20 Mg, [165]).

Both photometric and spectroscopic observations reveal a considerable diversity
within the SESNe class, reflecting the underlying variations in their progenitor properties,
explosion mechanisms, and circumstellar environments.
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Figure 8. (Left panel:) Spectra of Type IIb and Type Ib SNe a few days after peak luminosity [164].
(Right panel:) Spectral evolution of a Type Ic SN 2016P [163].

5.2. Progenitor Properties

Combined analyses of the SESNe place strong constraints on their progenitor sys-
tems, revealing a wide range of evolutionary pathways. Moderately stripped progenitors
retaining thin hydrogen envelopes over a compact helium core could be one channel
(e.g., SN 2015as). The oxygen mass estimated from the nebular [O I] emission line indi-
cates a ~15-20 M main-sequence star or a lower-mass WR star as the progenitor of SN
2015as [162]. At the other extreme end, highly stripped helium or CO cores appear to give
rise to the brighter, faster-evolving Type Ib and Ic SNe with progenitor masses between
~12-20 Mg, (e.g., SNe 2015ap and 2016P). An additional energy input, like a magnetar,
is required to model the light curves of such SNe (e.g., SN 2015ap [163]). Transitional
Type IIb/Ib SNe represent another pathway, where progenitors retain only extremely thin
hydrogen layers and show evidence for active mass loss (e.g., SN 2022crv), in line with
compact binary-stripped progenitors [164].

Opverall, these studies underscore the diversity of SESN progenitors—from moderately
stripped supergiants to heavily stripped helium or CO cores—and highlight the interplay
of binary mass transfer, stellar winds, and, in some cases, magnetar central engines in
shaping their final explosions and observed diversity.

5.3. Stripped-Envelope SNe: Global Properties and Population Studies

Large-sample studies have greatly advanced our understanding of the diversity and
shared characteristics of SESNe. Ref. [166] conducted the first systematic analysis of
SESN light curves, finding that Type Ib and Ic exhibit comparable peak luminosities
(MR ~ -17.9 mag) and fast rise times (~10-20 days), whereas Type IIb SNe are typically
fainter and evolve more slowly. Spectroscopic comparisons further revealed that while Type
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Ib and Ic share many features, Type Ic SNe consistently lack helium signatures even in high
signal-to-noise spectra, pointing to a genuine physical absence rather than observational
limitations [167]. Building on this, ref. [168] analyzed spectral velocities and line strengths
in a larger sample, showing that Type Ic SNe tend to have higher Fe 1I velocities, indicative
of systematically greater kinetic energy per unit mass. Several other sample studies of
SESNe have reported that they constitute about 30% of all core-collapse SNe, with Type Ic
being slightly more prevalent than Ib, and they tend to occur in environments with higher
star formation and lower metallicity compared to Type II SNe [156]. Type Ic-BL SNe exhibit
the highest kinetic energies among core-collapse types [169], while SESNe show broad peak
magnitude distributions with significant intrinsic scatter across subtypes [170].

Collectively, these studies reveal that SESNe form a diverse but continuous class, with
systematic differences in envelope stripping extent, kinetic energies, and host environments,
pointing toward progenitor channels that include both single WR stars and binary-stripped
helium stars across a range of metallicities.

6. The Interacting Group of CCSNe

The observational hallmark of strong interaction with the CSM is the presence of
narrow emission lines in the spectra. This feature led to the classification of Type IIn
SNe [171], now understood as SN ejecta interacting with dense, hydrogen-rich CSM.
Interaction with the helium-rich, hydrogen-poor CSM, characterized by narrow He I lines
and absence of hydrogen, is classified as Type Ibn SNe SN 2006jc [24]. SNe that interact
with H- and He-free CSM would typically exhibit narrow C/O features and no broad
ejecta lines at early times and are classified as Type Icn SNe SN 2019hgp [25]. Very recently,
Schulze et al. [172] discovered an SN showing interaction signatures of narrow Si and S,
labeled as Type Ien SN, leaving the Idn title as a placeholder for SNe showing interaction
signatures of O/Mg/Ne [173]. Interacting SNe constitute about 10% of the CCSNe [174],
which makes them rare and interesting. Additionally, interacting SNe show significant
diversity among the established subclasses and also within the subclasses themselves.

Type IIn SNe progenitors are often associated with LBVs or massive RSGs undergoing
episodic mass loss or binary-induced outflows [7,10]. Type Ibn SNe events are typically
linked to WR stars or He-rich stripped-envelope progenitors with compact winds [175].
Type Icn SNe are most consistent with either ultra-stripped binaries or massive WR stars
with C/O-rich envelopes [176]. Mass loss in massive stars—central to CSM formation—is
influenced by factors like luminosity and metallicity [7]. However, winds are often clumpy
and variable, complicating predictions of mass-loss rates [177]. In addition to steady
winds, episodic eruptions, such as the historical outburst of 77-Carinae, may result from
instabilities or binary interactions. In particular, a large fraction (~70%) of massive stars
are in binary systems, underscoring the importance of binary evolution in shaping the CSM
structure [178].

6.1. Light Curve Characteristics of Interacting SNe

The light curves of Type IIn SNe are primarily powered by shock interaction, which
converts the kinetic energy of ejecta into electromagnetic radiation. Therefore, Type IIn
SNe are generally much brighter than regular Type II SNe with comparable explosion
energies. Their luminosity is directly influenced by the density and extent of the CSM, and
therefore, the light curves vary widely. High-density CSM can give rise to superluminous
luminosities, as seen in the case of SN 2006gy [179], and ASASSN-14il [10]. If the CSM
extends up to very large distances, the interaction can keep the SN luminous for very long
times, as seen in the cases of SNe 2010j1 [180] and 2012ab [181]. In addition to this, since
the radial density gradient of the CSM can have significant variations, the shapes of the
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light curves can vary drastically, with some events showing plateau-like features in their
light curves (e.g., SN 2012ab [181], ASASSN-14il [10]), bumps in the light curve (e.g.,
SN 2009ip [182], ASASSN-14il [10]), and even double-peaked light curves (e.g., SN
20009ip [182]).

In contrast, the light curves of Type Ibn and Icn SNe are less heterogeneous,
with rapid evolution. Type Ibn SNe show a rise time of <15 days and fast decline
(~0.05-0.15 mag day '), and Type Icn SNe show even faster evolution [175,176].

Precursor emission from pre-SN outbursts as a result of late-time instabilities in
the progenitors is also seen in many interacting SNe like SNe 2006jc, 2009ip, 2021foa,
2023vbg [24,182-184].

6.2. Spectral Characteristics of Interacting SNe

The early time spectra of interacting SNe are dominated by blue continuum and
narrow emission lines on top of broad Lorentzian wings. The narrow lines originate
from the ionized CSM ahead of the shock front and trace the velocity and composition
of the slow-moving CSM. Type IIn SNe usually show narrow lines of H and He. While
Type Ibn SNe shows little to no H, it shows narrow He lines. Congruently, Type Icn SNe
show trace He but narrow lines of C/N/O. These narrow lines often show a P-Cygni
profile characteristic of an outflow. The high electron scattering depths in the CSM at early
times give rise to the broad wings [185]. Rapid follow-up observations have revealed that
interacting SNe also show early high-ionization flash features tracing the immediate CSM.
Narrow emission lines from He 11, C 111, N 111, and O 1V, lasting only hours to days, provide
direct constraints on progenitor winds, mass-loss rates, and chemical composition [8,9,113].

When the photosphere recedes from the ionized CSM ahead of the shock front, the
spectrum slowly morphs to show signatures of the interaction region and the inner ejecta.
The cold-dense shell (CDS) formed between the forward and the reverse shock usually
stays optically thick during this period [186]. In this case, the line profiles are dominated
by emission from this thin shell expanding at a few thousand km/s, showing a flat-
topped profile, often with the red side showing a flux deficit due to obscuration from
the photosphere [187]. The ejecta signatures manifest in broad emission lines (sometimes
P-Cygni profiles) and Ca 1I triplet emission, and later, other heavy elements show up [10].

Ideally, the ejecta signatures should show up once the CDS has become optically
thin, which is expected much later than the peak luminosity. However, in many SNe, the
CDS and the ejecta signatures are revealed simultaneously, indicating asymmetry in the
CSM, which allows direct line-of-sight to the ejecta, as seen in the cases of SNe 2012ab,
ASASSN-14il, and 2021foa [10,181,183]. Figure 9 shows the representative spectra taken
near peak luminosity for some of these SNe.

With the increasing number of well-studied interacting SNe, the emerging consensus
suggests that asymmetry in the CSM geometry may be a ubiquitous feature among these.
This is not unexpected, however, if we consider the fact that a significant fraction of all
stars are part of a binary system. If we consider an asymmetric disk-like CSM expected
from mass loss influenced by binary interactions, we can explain the observed properties
of SNe 2012ab, ASASSN-14il, and 2021foa as special cases of this geometry, as shown in
Figure 10. In SN 2012ab, a high-velocity P-Cygni Ha line from ejecta is visible from very
early times, as there is no line-of-sight CSM to obscure the ejecta signatures. ASASSN-14il
demonstrates the same, but the early high-velocity ejecta is hidden due to interaction with
a second component of CSM that persists in the line of sight. In the case of SN 2021foa, the
highest velocity ejecta is hidden by the dense CSM, and this line-of-sight CSM also gives
rise to narrow P-Cygni lines. Ref. [188] analyzed a sample of Type IIn SNe with spectropo-
larimetric data and found many cases where asymmetry in CSM was accompanied by low
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polarization, which can be naturally explained as a disk-like CSM structure with face-on
symmetry towards the observer.
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Figure 9. Representative spectra near peak luminosity from different subclasses of interacting
SNe are plotted (ASASSN-14il—ref. [10]; SN 2012ab—ref. [181], SN 2021foa—ref. [183], SN
2019wep—ref. [189], SN 2019uo—ref. [9], SN 2023xgo—ref. [190]). Type IIn SN are shown in
‘blue’, IIn/Ibn are shown in ‘purple’, ‘Ibn” are shown in ‘orange’, and Ibn/Icn are shown in ‘brown’.
These events show great diversity among their spectral features. The spectrum of ASASSN-14il and
SN 2021foa suffers from imperfect fringing correction at >8000 A.

Even in cases of spherical symmetry, the CSM may show complex structure in the
radial direction, as seen in the case of SN 2023vbg. It shows dual Hx components (~500 and
3000 km s~ 1) [184], interpreted as evidence for an inner dense CSM shell and a more
extended outer envelope—further underscoring the variety in pre-SN mass-loss structures.

Overall, it is clearly seen that the interacting SNe show significant diversity among the
established subclasses and also within the subclasses themselves. These studies highlight
strong ejecta—CSM interactions, asymmetric geometries, and eruptive and possibly binary-
influenced mass loss typical of interacting SNe in line with growing consensus.

6.3. Transitional Events

With the observed diversity in interacting SNe, it is not unexpected that we find SNe
that do not completely adhere to a particular subclass. These events may either transition
from one class to another or show features characteristic of different classes at different
times in their evolution, serving as a link between the different subclasses.

Ref. [183] found that SN 2021foa shows similarities with both Type IIn and Type
Ibn SN. Many Type IIn SNe also show narrow/intermediate width He emission, but in
SN 2021foa the He 15876 line luminosity was found to be comparable (lower by a factor of
~2) to the Ha line velocity. Line strength comparison with a sample of Type IIn and Type
Ibn SNe showed that it is intermediate to both these classes, showing similarities to either
of the classes at different times in its evolution. They explain this behavior as a combination
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of having an asymmetric CSM distribution and a progenitor intermediate between an LBV
and a WR star.

SN 2021foa * Narrow P-cygni profiles

& indicating CSM in LOS

CSM
ASASSN-14il
SN 2012ab
Ejecta D
) * Low polarization due to
Interaction face on symmetry
regions * Fast moving ejecta

Figure 10. This figure shows a cross-section of a system where the SN ejecta (yellow) is interacting
(blue) with a disk-like CSM (gray). This illustration shows how similar geometric configurations
may give rise to different line shapes in the spectrum. Low polarization of ASASSN-14il despite
the asymmetric CSM suggests a face-on symmetry of the CSM. SN 2012ab shows very high velocity
ejecta at early times, indicating direct line-of-sight (LOS) to the ejecta. SN 2021foa shows narrow
P-Cygni lines as the photosphere recedes inwards in the LOS CSM.

Ref. [190] have shown that SN 2023xgo is a faint, rapidly evolving SN that displays
characteristics bridging Type Icn and Type Ibn classes. Early spectra showed unusually
strong C III emission, among the most prominent observed in any SN, which faded by
peak light (~5 days post-discovery) as narrow He I P-Cygni lines emerged, resembling
typical Type Ibn features. Its peak absolute magnitude was ~—17.65 with a fast decline rate
(~0.14 mag/day), placing it at the faint—fast end of the Ibn/Icn population. Light curve
modeling indicated interaction with a compact, stratified CSM, implying variable pre-SN
mass-loss rates ranging from ~10~* to a few Mg yr~! in denser regions. The inferred
low ejecta mass (~0.12 M) and Ni mass (~0.04-0.05 M) suggest a stripped helium-star
progenitor, possibly in a compact binary system. SN 2023xgo provides rare evidence of
transitional behavior between Type Icn and Ibn SNe, shedding light on diverse mass-loss
mechanisms in the final stages of massive star evolution.

The study of these peculiar interacting SNe suggests that the classification of Type IIn,
Ibn, and Icn is not as strict as previously thought, and there are SNe that show intermediate
and/or transitional properties. Interacting SNe are a diverse class of explosions that are
caused by explosions of not only massive LBV /WR stars but also ultra-stripped stars in
binaries, surrounded by H/He/C-rich CSM, often asymmetric. The observed diversity in
interacting SNe reflects a variety of progenitor channels and mass-loss mechanisms.

6.4. Heterogeneity in Interacting SNe and Their Progenitors

Studies of interacting SNe reveal both shared and distinct properties across these
classes. Ref. [191] analyzed a large sample of 487 Type IIn SNe, showing wide diversity in
peak luminosities (~ 10%2-10% erg s~ 1) and timescales (20-300 days above half-maximum).
Their analysis revealed a bimodal distribution: a luminous—slow group with high radiated
energies (~10° erg) and a faint-fast group (~10* erg), with potential hints of a third
subgroup. Spectral diversity is also evident, as some Type IIn events maintain strong,
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narrow Balmer lines for months, while others display only short-lived electron-scattering
features, implying different mass-loss rates and CSM configurations. These results suggest
multiple progenitor pathways, including LBVs with eruptive mass loss and super-AGB
stars, each producing distinct CSM properties and explosive interactions.

In contrast, ref. [175] studied ~25 Type Ibn SNe, finding remarkably homogeneous
light curves with rapid rises (<15 days) and declines (~ 0.05-0.15 mag day '), peaking
near —19 mag, driven by interaction with compact, He-rich CSM shells. However, spectra
revealed significant diversity: some showed narrow P-Cygni He I profiles indicating dense,
slow-moving winds (~200-2000 km s~ 1), while others were dominated by broader emission
lines, implying varying CSM density and geometry. Transitional Type Ibn/IIn events with
residual H lines further point to a continuum in progenitor types and pre-SN mass-loss
modes, likely involving both WR stars and LBV-like progenitors.

Meanwhile, ref. [176] examined four Type Icn SNe, revealing peak luminosities
comparable to Type Ibn/IIn but with distinct early-time spectra dominated by strong
carbon and oxygen lines rather than helium or hydrogen. Light curves showed fast rise and
decline similar to Type Ibn, with ejecta masses <2 M, and Ni masses <0.04 M, suggesting
multiple progenitor channels: some events likely arise from ultra-stripped low-mass helium
stars in binary systems, while others may originate from more massive WR progenitors.
The diversity in host environments—from star-forming galaxies to low-metallicity dwarfs—
further supports this heterogeneity.

These studies suggest that interacting SNe share a unifying mechanism of ejecta—
CSM interaction, producing luminous, often rapidly evolving light curves, but differ in
progenitor structure, mass-loss history, and CSM composition. Type IIn SNe show the
broadest diversity in luminosity and timescale due to hydrogen-rich dense CSM shells with
varying extents. Type Ibn SNe display homogenous photometric evolution but diverse
helium-dominated spectral features, suggesting different wind structures or viewing angles,
while Type Icn SNe represent a rarer class with strong carbon features, low ejecta mass,
and multiple evolutionary origins. Together, these samples underline the rich diversity
of stripped-envelope massive stars and their final complex mass-loss phenomena before
core collapse.

7. Discussion and Conclusions

In this review, we discuss the optical properties of the different classes of SNe. The
two important SN observables are the light curves and spectra, delving great insights
into their explosion mechanisms and progenitors. The combination of high cadence,
multi-wavelength observations, and modeling tools has revolutionized our ability to map
SN diversity to progenitor properties and explosion physics. We discuss the observing
facilities available and the selection of targets for the follow-up observations. The SN
monitoring program, summarized in this work, is one of the primary observing programs
at ARIES. This program would not have been successful without the coordinated follow-up
campaigns across different telescopes worldwide. Our observational campaign reveals
considerable diversity in the photometric and spectroscopic properties of all types of SNe.

7.1. Assessment from SNe Observables: Light Curve and Spectra

Type Iax SNe, a relatively new subclass of thermonuclear explosions, are considered
as low-luminosity cousins of normal Type la SNe. They show marked deviations from
normal Type Ia SNe in both light curves and spectra. The most distinctive feature is the
absence of NIR secondary peaks, lower luminosities, and varied post-maximum behaviors
in Type Iax SNe, which suggest distinct explosion mechanisms and progenitor systems.
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In Type II SNe, light curve behaviors range from slowly declining plateaus typical of
Type IIP (e.g., SNe 2014cx, 2015ba) to rapidly declining events resembling Type IIL SNe
(e.g., SNe 2014cy, 2015cz). Plateau durations span from as short as ~67 days (SN 2020jfo)
to as long as ~123 days (SN 2015ba), indicating a wide range of hydrogen envelope
masses. Despite their early decline, several SNe exhibit strong Ha absorption, challenging
the classical IIP/IIL classification. Spectroscopic analyses further highlight this diversity.
Features such as the high-velocity Cachito feature (e.g., SN 2014cx, SN 2015ba) point to
possible CSM interaction. Spectral modeling infers a wide range of progenitor masses
(e.g., 12-26 M), with discrepancies in oxygen line strengths hinting at complex mixing
and explosion mechanisms. While traditional subclassifications (IIP/L) offer a framework,
our results indicate that many events exhibit hybrid characteristics, highlighting that both
light curve evolution and spectral features are to be considered while classifying the SNe.
These studies also suggest a continuum in light curve shapes, spectral indicators, explosion
parameters, and progenitor systems rather than discrete types.

Large-sample studies of SESNe (Type IIb, Ib, and Ic) reinforce their collective diversity.
Photometrically, Type Ib and Ic exhibit similar peak luminosities and fast rise times, while
Type IIb SNe are typically fainter and slower. Although with diverse light curves and
spectroscopic characteristics, SESNe could be a continuous class with varying degrees
of envelope stripping, kinetic energies, host metallicity, circumstellar environments, and
explosion mechanisms.

The interacting SNe (Type IIn, Ibn, and Icn) constitute a small population amongst the
CCSNe. They are luminous in comparison to other types of SNe and show a great diversity
among the different interacting subclasses and also within a subclass. This also hints that
the different classes of interacting SNe are not strictly separate but display intermediate
and/or transitional properties. The most favored progenitor scenarios are the explosions of
massive LBV/WR stars and ultra-stripped stars in binaries, surrounded by H/He/C-rich
CSM, often asymmetric.

7.2. CSM Interaction in SNe

As discussed in the previous sections, CSM is ubiquitously present around SNe and
can significantly impact the dynamics of the explosion and, in turn, the photometric
and spectroscopic properties of SNe. Mass loss in the final phases of stars is still not a
well-understood phenomenon. Mass loss and CSM formation can have many channels,
such as line-driven winds, episodic eruptions, binary interactions, etc., and it is heavily
influenced by ZAMS mass, luminosity, metallicity, and the environment of the progenitor
star. However, we can broadly categorize the effects of CSM into the following categories.

Flash features: These features arise when low-density CSM, immediately adjacent to
the progenitor star, becomes ionized by the shock breakout in the SN ejecta. When the
CSM recombines, flash features are observed as narrow emission lines of high ionization
species, e.g., He 11, C 111, C 1v, N 1V, N V, and O 1v. These features are very transient in
nature (timescales of a few hours to a few days), as the nearby CSM is quickly swept up by
the SN ejecta.

Short-lived interaction: If the density and extent of CSM surrounding the progenitor
star are higher than what is seen for flash features, the SN ejecta shock interacts with the
dense CSM. This can give rise to narrow lines with electron-scattering wings typically
seen in interacting SNe, and it can give a significant boost to the SN luminosity (e.g., SNe
1998S [110] and 2023ixf [119]). In some peculiar geometries of CSM, the spectroscopic
signatures of the interaction may remain hidden to the observer, but the interaction actively
enhances the luminosity of the SN, especially at the early phases (e.g., SN 2019nyk [192]).
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The SN explosion morphs back into a regular SN resembling its class once the CSM is
swept up.

Strong long-lasting interaction: When the CSM is dense and spatially spans up to large
distances from the progenitor, the SN explosion shows signs of interaction throughout its
evolution, lasting years and even decades, as seen in interacting SNe.

The CSM may not necessarily be spherically symmetric. Late-time eruptions seen in
massive stars can have a large degree of asymmetry associated with them. In addition, other
internal and external factors, such as rotation in the progenitor star and binary interactions,
can introduce asymmetry in all channels of CSM formation. These asymmetries can
give rise to a variety of interesting features, such as peculiar line profiles, hidden CSM-
interaction, etc.

7.3. Next Generation Perspectives on Transient Science

The upcoming Rubin Legacy Survey of Space and Time (LSST) promises to revolution-
ize transient astrophysics by enabling systematic, high-cadence monitoring of the entire
southern sky down to r ~ 24.5 mag per visit [193]. Its unprecedented depth, large field
of view, and regular revisit cadence will yield millions of transient detections, including
rare and rapidly evolving transients such as Type lax, ultra-stripped SNe, exotic interact-
ing classes (Type IIn/Ibn/Icn), Ca-rich gap transients, and Fast Blue Optical Transients
(FBOTs), revealing their rates, progenitors, and links to exotic endpoints such as magnetars
or tidal disruptions.

In Type Ia SNe cosmology, LSST’s vast sample will refine luminosity relations, host
dependencies, and extinction laws, improving distance calibrations [193-197]. Crucially, it
will identify transitional events bridging classifications, challenging current taxonomies,
and refining stellar evolution pathways.

LSST will advance the detection of pre-SN emission across various SN types. SN 2020tlf
(distance 30 Mpc) is the first normal Type IIP/L SN for which precursor emission has
been detected at M, ~ —11.5 [198]. Although such precursor activity is theoretically ex-
pected to be common in Type IIP/L SNe, it has remained largely undetected, typically
falling below the sensitivity limits of current surveys such as ZTF and ATLAS. With LSST,
it will be possible to detect pre-SN emission as faint as —11 mag in Type IIP SNe out
to distances of 100 Mpc. At D = 100Mpc, a single-visit 50 depth of i ~ 24.0 implies
M; = —11.0 mag, appropriate for red RSG-like precursors [193]. Wave-driven outburst
models for RSGs predict luminosity enhancements corresponding to My, ~ —10 to
—12 [199], consistent with this threshold. The progenitors of Type IIP SNe, likely RSGs,
are expected to undergo intense mass loss during their final evolutionary stages. These
observations will significantly enhance our understanding of the final stages of stellar
evolution and the processes driving mass loss and instability in massive stars.

For stripped-envelope and interacting SNe, LSST’s ability to capture early light curve
phases will constrain progenitor radii, explosion energies, and mass-loss histories by
revealing features such as shock breakout and cooling tails [200]. The vast homogeneous
samples of SESNe will enable robust statistical studies of progenitor channels, metallicity
dependencies, and explosion diversity across cosmic time. Moreover, rapid follow-up
spectroscopic observation upon discovery of transients will allow for the detection of
fleeting flash ionization signatures in the hours to days post-explosion. This will provide
direct probes of immediate circumstellar environments [201].

LSST will readily detect SNe in Coma (D ~ 100 Mpc): a normal SN Ia (Mp ~ —19.3)
has m ~ 15.7 and typical core-collapse SNe (M ~ —17) have m =~ 18. However, we
want to remark that LSST is seeing-limited (median FWHM ~0.7" [193]), so at 100 Mpc,
where 1”7 ~ 485 pc, the PSF spans ~340 pc—far above stellar scales. Individual stars are
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thus unresolved: even luminous blue supergiants (m ~ 26) and the Tip of the Red Giant
Branch (TRGB; m ~ 31) are effectively inaccessible in crowded, high-surface-brightness
hosts. LSST will deliver exquisite SN discovery and light curves and statistical host metrics
(global mass, color, SFR; local surface brightness), but resolved stellar-population work at
Coma distances requires space-based (HST or the James Webb Space Telescope (JWST)) or
Adaptive Optics-assisted Integral Field Unit (IFU) follow-up on 8-30 m telescopes.

To sum up, LSST will transform transient astronomy from targeted studies to
population-scale astrophysics, enabling the following;:

e Discovery of rare transients, transitional events bridging the existing classificat-
ion scheme.

*  Robust constraints on progenitor and explosion physics.

¢ Insights into binary evolution and mass-loss physics.

¢ Candidate alerts for rapid follow-up observations.
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Appendix A

ARIES operates modern optical observational facilities, namely the ST, DFOT, DOT
and ILMT, which have been used for SN monitoring at ARIES using the Bessel and SDSS
filters. A complete list of the telescopes in ARIES and the backend instruments used for
SNe observations is provided in Table Al.

Table A1. List of ARIES telescopes and the backend instruments used for SNe observations.

Telescope Backend Instruments

4k x 4k CCD: Array size: 4096 x 4096 pixelsz;

FoV:15'.8 x 15'.8; Gain: 1.03, 2.15, 3.38, 5.41, and 11.05
e~ /ADU (at 100kHz readout speed); Readout Noise: 6.38,
6.71,6.80, 7.67, and

7.84 e~ (at 100kHz readout speed)

1k x 1k CCD: Array size: 1024 x 1024 pixelz; FoV:6' x6;
Gain: 11.98 e~/ ADU with settings of 1X, 2X, and 4X;
Readout Noise: 7.0,5.0 and 4.1 e~

Filters: Bessel (UBVRI)

1.04 m Sampurnanand
Telescope (ST)
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Table Al. Cont.

Telescope Backend Instruments

2k x 2k CCD: Array size: 2048 x 2048 pixelZ,' FoV:18' x 18';
Gain: 0.7,1.4,2.0,2.0 e~ /ADU; Readout Noise: 2.5,4.1, 6.5,
7.0e”

iXon EM+ DU-897: Array size: 512 x 512 pixel?; FoV:

5.5 x 5'.5; Gain: readout-dependent variable gain; Readout
Noise: 1-49 e~ (at 10 MHz readout speed)

Filters: Bessel (UBVRI) and SDSS (u/, ¢', ¥, i, 2')

IMAGER: Array size: 4096 x 4096 pixel?; FoV: 6'.5 x 6/.5;

Gain: 1,2,3,5,10 e~ /ADU; Readout noise: 7-9 e~

(at 1 MHz), 4-6 e~ (at 500 kHz), 2-3 e~ (at 100 kHz)
3.6 m Devasthal Optical Filters: Bessel (UBVRI) and SDSS (u/, ¢', ¥/, 1, 2')
Telescope (DOT) ADFOSC: Array size: 4096x4096 pixel?; FoV: 13.6 x 13'.6;
Spectral resolution: <2000; wavelength range: 350-1050 nm;
Gain: 1.6 e~ / ADU; Readout noise: 8.0 e~ Filters: SDSS (u, g,
T, i, 7)
4k x 4k TDI mode CCD:Array size: 4096 x 4096 CCD, FoV:

22" x 22': Gain: 4.0 e~ /ADU; Readout noise: 5.0 e~
Filters: SDSS g/, /, i/

1.3 m Devasthal Fast
Optical Telescope (DFOT)

4.0 m International Liquid
Mirror Telescope (ILMT)

Notes

https:/ /www.wis-tns.org/ (accessed on 16 October 2025).

https:/ /aries.res.in/ (accessed on 16 October 2025).

Profile is described as an absorption dip followed by an emission counterpart. The absorption part is seen due to the absorption
of light in the expanding SN ejecta located at the line of sight of the observer, whereas the emission component is created due
to the scattering of light from the perpendicular of the line of sight. The absorption component is blue-shifted, indicating the
expansion of the SN ejecta towards the observer, whereas scattering of the light from the perpendicular side has no such effect;
hence, the emission component lies at the rest wavelength of the element. In Type II SNe, this P-Cygni profile is most prominent
for the Ha line, suggesting the presence of excess hydrogen on the progenitor prior to the explosion. The absorption component
of the profile measures the amount of hydrogen present.
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