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Photometry and spectroscopy of the Type Icn supernova 2021ckj
The diverse properties of the ejecta and circumstellar matter of Type Icn supernovae⋆
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Abstract

We present photometric and spectroscopic observations of the Type Icn supernova (SN) 2021ckj. This rare type of SNe is characterized by a rapid evolution and high peak luminosity as well as narrow lines of highly ionized carbon at early phases, implying an interaction with hydrogen- and helium-poor circumstellar matter (CSM). SN 2021ckj reached a peak brightness of ∼ − 20 mag in the optical bands, with a rise time and a time above half maximum of ∼4 and ∼10 days, respectively, in the g and cyan bands. These features are reminiscent of those of other Type Icn SNe (SNe 2019hgp, 2021csp, and 2019jc), with the photometric properties of SN 2021ckj being almost identical to those of SN 2021csp. Spectral modeling of SN 2021ckj reveals that its composition is dominated by oxygen, carbon, and iron group elements, and the photospheric velocity at peak is ∼10 000 km s−1. Modeling the spectral time series of SN 2021ckj suggests aspherical SN ejecta. From the light curve (LC) modeling applied to SNe 2021ckj, 2019hgp, and 2021csp, we find that the ejecta and CSM properties of Type Icn SNe are diverse. SNe 2021ckj and 2021csp likely have two ejecta components (an aspherical high-energy component and a spherical standard-energy component) with a roughly spherical CSM, while SN 2019hgp can be explained by a spherical ejecta-CSM interaction alone. The ejecta of SNe 2021ckj and 2021csp have larger energy per ejecta mass than the ejecta of SN 2019hgp. The density distribution of the CSM is similar in these three SNe, and is comparable to those of Type Ibn SNe. This may imply that the mass-loss mechanism is common between Type Icn (and also Type Ibn) SNe. The CSM masses of SN 2021ckj and SN 2021csp are higher than that of SN 2019hgp, although all these values are within those seen in Type Ibn SNe. The early spectrum of SN 2021ckj shows narrow emission lines from C II and C III, without a clear absorption component, in contrast with that observed in SN 2021csp. The similarity of the emission components of these lines implies that the emitting regions of SNe 2021ckj and 2021csp have similar ionization states, and thus suggests that they have similar properties as the ejecta and CSM, which is also inferred from the LC modeling. Taking the difference in the strength of the absorption features into account, this heterogeneity may be attributed to viewing angle effects in otherwise common aspherical ejecta. In particular, in this scenario SN 2021ckj is observed from the polar direction, while SN 2021csp is seen from an off-axis direction. This is also supported by the fact that the late-time spectra of SNe 2021ckj and 2021csp show similar features but with different line velocities.
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⋆ All the spectroscopic data presented in this paper are available at the Weizmann Interactive Supernova Data Repository (WISeREP; https://www.wiserep.org/object/17712; Yaron & Gal-Yam 2012). The photometric data are presented in Table 2.



1. Introduction
A new class of supernovae (SNe) has been recently proposed based on the observations of SN 2019hgp (Type Icn SNe; Gal-Yam et al. 2022). These SNe are characterized by a rapid photometric evolution (trise ≲ 10 days) with a high peak brightness (r ∼ −18.5 mag) as well as narrow P-Cygni lines of highly ionized carbon, oxygen, and neon in its early spectra (Gal-Yam et al. 2022). Recently, several more examples, which show similar observational properties, have been reported (SNe 2019jc, 2021csp, 2021ckj, and 2022ann; Fraser et al. 2021; Perley et al. 2022; Pellegrino et al. 2022; Davis et al. 2022). The narrow lines of such highly ionized elements suggest an interaction of the SN ejecta with dense hydrogen- and helium-poor circumstellar matter (CSM).
Fraser et al. (2021) estimate that the bolometric light curve (LC) of SN 2021csp can be reproduced by a 4 × 1051 erg explosion with 2 M⊙ of ejecta and 0.4 M⊙ of 56Ni, plus a contribution from shock cooling emission of ∼1 M⊙ of CSM extending out to 400 R⊙. However, from their LC analysis of SN 2021csp, Perley et al. (2022) and Pellegrino et al. (2022) favor a CSM interaction as the main energy source of this SN. Gal-Yam et al. (2022) also demonstrate that the bolometric LC of SN 2019hgp is well fit by a CSM interaction model (a progenitor radius of 4.1 × 1011 cm, an ejecta mass of 1.2 M⊙, an opacity of 0.04 cm2 g−1, a CSM mass of 0.2 M⊙, a mass-loss rate of 0.004 M⊙ yr−1, and an expansion speed of 1900 km s−1) rather than models with an energy input from the radioactive decay of 56Ni/56Co.
Since Type Icn SNe do not show hydrogen or helium features in their spectra, their progenitors are believed to be stars whose hydrogen and helium envelopes were stripped, as inferred for the progenitors of classical Type Ic SNe. Therefore, a straightforward scenario for the origin of Type Icn SNe would be a similar progenitor star as those of classical Type Ic SNe, exploding just after an extensive mass ejection, even though the progenitors of classical Type Ic SNe are also under debate (see, e.g., Yoon 2015, and references therein). However, Perley et al. (2022) estimate a minimal 56Ni mass and/or a low ejecta mass from their late-time deep photometry for SN 2021csp, and they conclude that its progenitor is intrinsically different from those of classical Type Ic SNe. This conclusion is also supported by Pellegrino et al. (2022), who infer low ejecta masses (≲2 M⊙) and low 56Ni masses (≲0.04 M⊙) from the LCs of four Type Icn SNe. These values are lower than typical 56Ni masses (∼0.2 M⊙) and ejecta masses (∼2 M⊙) estimated for Type Ic SNe (e.g., Drout et al. 2011).
There are several proposed scenarios for the origin of Type Icn SNe (e.g., Fraser et al. 2021; Perley et al. 2022). These include, for example: (1) an SN from a highly stripped star in a binary system (e.g., De et al. 2018; Sawada et al. 2022); (2) a pulsational pair-instability SN (PPISN; e.g., Woosley 2017); (3) a merger of a Wolf-Rayet (WR) star and a compact object (e.g., Metzger 2022); and (4) a failed or partial explosion of a WR star, in which a direct collapse of a WR star to a black hole launches a subrelativistic jet, and the jet interacts with a dense CSM releasing the radiated energy (e.g., Perley et al. 2022). Gal-Yam et al. (2022) propose a WR star to be the progenitor of SN 2019hgp based on its observational properties, and suggest a possibility that the differences between Type Ibn and Icn SNe arise from their different types of WR star progenitors: helium- and nitrogen-rich WN stars for Type Ibn SNe and C-rich WC stars for Type Icn SNe. Pellegrino et al. (2022) propose that multiple progenitor channels could explain different Type Icn SNe, based on the properties of the SNe and their explosion sites. They suggest that the progenitor of SN 2019jc was a low-mass, ultra-stripped star, whereas those of SNe 2019hgp, 2021csp, and 2021ckj were WR stars. Furthermore, Davis et al. (2022) suggest a binary-stripped progenitor for SN 2022ann, rather than a single massive WR progenitor.
In this paper, we report photometric and spectroscopic observations of the Type Icn SN 2021ckj and discuss its observational properties as compared to those of SNe 2019hgp and 2021csp, the two most well-observed members of this class. SN 2021ckj was discovered as ZTF21aajbgol by the Zwicky Transient Facility (ZTF; Bellm et al. 2019) on 9.29 February 2021 UT (59254.29 MJD), which was reported by the Automatic Learning for the Rapid Classification of Events (ALeRCE; Förster et al. 2021). The object was not detected down to a limiting magnitude of 20.7 mag on 7.36 February 2021 UT (59252.36 MJD), as constrained by the Asteroid Terrestrial impact Last Alert System (ATLAS; Tonry et al. 2018; Smith et al. 2020). We adopt the middle point between the discovery and the last nondetection, 59253.38 MJD, as the explosion date. The phases in this paper are shown in rest-frame days with respect to this explosion date. The spectroscopic classification of SN 2021ckj as a Type Icn SN was conducted on 16 February 2021 by Pastorello et al. (2021), based on a spectrum taken with the ESO Very Large Telescope (VLT) and the FORS2 spectrograph.
Throughout this paper, we adopt a redshift z = 0.141 (measured from the narrow host-galaxy emission lines), and a distance modulus μ = 39.04 mag (assuming H0 = 73 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ = 0.73). Since the spectra of SN 2021ckj show no signs of narrow Na I D interstellar absorption, we assume that it has a minimal host-galaxy extinction (see Sect. 2.2). Only the Galactic extinction correction has been performed to the photometric and spectroscopic data, assuming E(B − V) = 0.049 (Schlafly & Finkbeiner 2011), RV = 3.1, and the extinction curve by Cardelli et al. (1989) using IRAF (Tody 1986, 1993).
2. Observations
2.1. Photometry
SN 2021ckj was observed by several wide-field transient surveys, such as ZTF, ATLAS, and the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS; Chambers et al. 2016). We obtained g-, r-, and i-band images taken by ZTF through the NASA/IPAC Infrared Science Archive1. We also used the “cyan”-band photometry reported by ATLAS, and “white”-band photometry by Pan-STARRS. We conducted multiband (uBVgRriz) photometry of SN 2021ckj with the EFOSC2 instrument mounted on the New Technology Telescope (NTT) at La Silla Observatory in Chile as a part of the extended Public ESO Survey for Transient Objects (ePESSTO+; Smartt et al. 2015), as well as the AFOSC instrument mounted on the Copernico Telescope. The observation log is shown in Table 1.
Table 1. 
Log of the photometry of SN 2021ckj.

We reduced the data using the PESSTO pipeline (Smartt et al. 2015) and IRAF, performing standard tasks such as bias subtraction and flat-fielding. For the EFOSC2 data, we performed point-spread function (PSF) photometry after host galaxy subtraction with reference images taken on 3 February 2022; whereas, for the other data, we conducted PSF photometry with the stacked Pan-STARRS g-, r-, and i-band images as reference images. A correction for the Galactic extinction was applied. The resulting photometry is provided in Table 2.
Table 2. 
Photometry of SN 2021ckj.

2.2. Spectroscopy
The first spectrum of SN 2021ckj was obtained by Pastorello et al. (2021) at Phase +7.7 days with the FORS2 instrument (Appenzeller et al. 1998) at the ESO VLT with the 300V grism and a 1 arcsec slit width. We took another spectrum at Phase +12.1 days with EFOSC2/NTT using the Gr#13 grism and a 1 arcsecond slit width as a part of the ePESSTO+ collaboration (Smartt et al. 2015). In addition, we obtained one more spectrum at Phase +21.2 d using FORS2/VLT with grism 300V.
The EFOSC2 and FORS2 data were reduced using the PESSTO2 and ESOReflex (Freudling et al. 2013) pipelines, respectively, which include standard tasks such as bias subtraction, flat-fielding, and a wavelength calibration based on arc frames. The flux calibration was performed using observations of a spectrophotometric standard star.
3. Results
3.1. Photometric properties
Figure 1 shows multiband LCs of SN 2021ckj. They show bright peak brightness and rapid rises and declines. The absolute peak magnitudes are ∼ − 20 mag in the optical bands (e.g., g, cyan, and r bands). The rise time and the time above half maximum (t1/2) are ∼4 and ∼10 days, respectively, in the g and cyan bands. These features are similar to other Type Icn SNe (SNe 2019hgp, 2021csp, and 2019jc; Fraser et al. 2021; Gal-Yam et al. 2022; Perley et al. 2022; Pellegrino et al. 2022). Especially, the LCs of SN 2021ckj are almost replicas of SN 2021csp around the peaks (see their r-band LCs in Fig. 1), although they deviate from each other at later phases.
	[image: thumbnail]	Fig. 1. Optical LCs of SN 2021ckj. The data were taken with the 1.82 m Copernico Telescope (triangles), NTT (circles), ZTF (filled squares), ATLAS (inverted triangles), and Pan-STARRS (diamonds). The R-band magnitudes in the NTT data have been converted into r-band magnitudes using the relation in Chonis & Gaskell (2008). The gray and black points show the r-band LCs of SNe 2019hgp (Gal-Yam et al. 2022) and 2021csp (Fraser et al. 2021), respectively, which have been plotted using their absolute magnitudes. Limiting magnitudes are indicated with arrows. All the magnitudes have been corrected with the Galactic extinction (E(B − V) = 0.027 and 0.019 mag for SNe 2021csp and 2019hgp, respectively; Schlafly & Finkbeiner 2011). The error bars for all data points have also been plotted, even though they are smaller than the sizes of the symbols in most cases.



First, we calculated the blackbody (BB) radius and temperature for the SN radiation at Phase +8.38 through χ2 fits of the uBVgriz-band photometry with the Planck function. Since the photometric data in the other phases are limited, the wavelength ranges of the observations do not cover the peaks of BB curves with anticipated temperatures (∼10 000 K). In fact, similar χ2 fittings for the other phases produce poor constraints on their BB radii and temperatures. Therefore, we performed the χ2 fittings with the fixed temperature estimated from Phase +8.38 for the other phases. Here, we did not use the data at Phase 12.07, which has only one band of photometry. From the derived BB parameters, we calculated the bolometric luminosity by integrating the BB function across wavelengths. The estimated values are shown in Fig. 2. The derived luminosities, radii, and temperatures for SN 2021ckj are very similar to those for SN 2021csp, while they have a different evolution from those of SN 2019hgp.
	[image: thumbnail]	Fig. 2. Evolution of the photospheric parameters estimated from blackbody fitting to the photometry of SN 2021ckj (red points connected with a line). Open red circles are the assumed values. Comparison objects, SNe 2019hgp and 2021csp, are shown with the gray and black points connected with lines, respectively. The values for the comparison objects have been taken from Gal-Yam et al. (2022) and Fraser et al. (2021).



3.2. Spectroscopic properties
In the early spectrum of SN 2021ckj (Phase +7.7 days), there are highly ionized narrow lines of C II/C III, which are also seen in the spectra of SNe 2019hgp and 2021csp at similar epochs (Phases +10.8 and +7.9 days, respectively; see Fig. 3). This indicates that the CSM has a similar ionization state at similar epochs for these SNe. SN 2021ckj shows minimal absorption for strong C II lines (e.g., C II λ5890 and 6578), while SNe 2019hgp and 2021csp show an evident blueshifted absorption component for the C II lines. The second spectrum of SN 2021ckj (Phase +12.1 days) is smooth and featureless, similar to other Type Icn SNe around this phase; although, the signal-to-noise ratio of the spectrum is not high (see Fig. 3).
	[image: thumbnail]	Fig. 3. Spectral evolution of SN 2021ckj. Top panel: early spectra of SN 2021ckj (red), compared with the other Type Icn SNe 2019hgp (gray) and 2021csp (black). Bottom panel: same as the top panel, but for the late-time spectra. For comparison, the spectra of SNe 2020bqj (Ibn; Kool et al. 2021), 2020uem (IIn/Ia-CSM; Uno et al. 2023), and 2021foa (IIn; Reguitti et al. 2022) are plotted. These data were obtained through WISeREP (https://www.wiserep.org/object/17712).



The late-time spectrum of SN 2021ckj (Phase +21.2 days) shows a blue pseudo-continuum due to Fe lines with some undulations at λ ≲ 5500 Å (so-called Fe bump), while no evident lines are visible in the red part, except for the Ca II NIR triplet (see Fig. 3). This Fe bump is also seen in other interacting SNe, for example Type Ibn (e.g., Pastorello et al. 2016), Type Ia-CSM (e.g., Fox et al. 2015), some Type IIn SNe (e.g., Turatto et al. 1993), and interacting Type-Ic SNe (Kuncarayakti et al. 2018, 2022). On the other hand, SNe 2019hgp and 2021csp show more line features while showing a similar “Fe bump”. The narrow line seen near the Hα wavelength in the late-time spectrum of SN 2021ckj could be identified with C II λ6578.
It is intriguing that the overall spectra are similar among these Type Icn SNe, while the difference is seen in the line profiles and velocities, both in the early and late phases. This is one of the topics that we address in the present work; we suggest that the difference seen in the line features might be due to different ejecta velocities and/or viewing angle effects due to an aspherical explosion.
4. LC modeling
In this section, we model the bolometric LCs of SNe 2021ckj, 2021csp, and 2019hgp using the CSM interaction model of Maeda & Moriya (2022), in order to estimate their ejecta and CSM properties. In the calculations, we adopt the following broken power law for the density structure of the SN ejecta as a function of velocity (v); ρSN ∝ v−n and n = 7 is used for the outer part, and a constant density is used for the inner part. The normalization in the density is set by specifying the ejecta mass (Mej) and the explosion energy (EK). For the CSM, a single power-law function of the distance (r) is assumed using constant values, D, D′, and s; ρCSM = Dr−s = 10−14D′(r/5 × 1014 cm)−s g cm−3. For Type Ibn SNe, Maeda & Moriya (2022) derived s ∼ 2.5 − 3.0 and D′∼0.5 − 5. The mass-loss rate responsible for the CSM at the reference radius, 5 × 1014 cm (which corresponds to the position of the shock wave on day 2 for the shock velocity of 30 000 km s−1), is Ṁ ∼ 0.05D′(vw/1000 km s−1) M⊙ yr−1, where vw is the mass-loss wind velocity. We assume a C+O-rich composition, but the optical LC models explored here are not sensitive to the choice of the composition as the main power in the model is provided by the free–free emission at the high-temperature forward shock. Also, we note that our models are not aimed to provide a unique solution for the model parameters.
The model LCs and characteristic-radius evolution are shown in Fig. 4. The radius shown here is the position of the contact discontinuity, that is the representative scale of the interacting region, which provides the maximum radius expected in the interaction model. The photosphere radius is expected to be either close to this radius (if the shocked region is optically thick to the optical photons) or smaller (if the shocked region is optically thin). The model assumes spherical symmetry both in the ejecta and the CSM. Possible effects of asymmetry in the ejecta, as indicated by the spectral features in these objects, are discussed in Sect. 6.
	[image: thumbnail]	Fig. 4. LC models (left panel) and evolution of the radius at the contact discontinuity, as compared to the photospheric radius (right panel). The model parameters are as follows: Mej = 3M⊙, EK = 2.5 × 1051 ergs, s = 2.9, and D′ = 2.3 for SN 2019hgp (blue lines), and Mej = 4 M⊙, EK = 4 × 1051 ergs, s = 2.9, and D′ = 5.1 for SNe 2021ckj and 2021csp (red lines). Additionally, two scenarios for the initial decay seen in SN 2021csp are shown: (1) the SN-CSM interaction driven by a highly energetic component (magenta lines) and (2) the shock-cooling of an energetic component (solid cyan lines). As a comparison, the same is also shown, but for a canonical explosion energy (dashed-cyan line). The gray hatching shows the template of the LCs of Type Ibn SNe (Hosseinzadeh et al. 2017; Maeda & Moriya 2022).



4.1. SN 2019hgp
Our first attempt is made for SN 2019hgp. Given the close similarity of its LC to the Type Ibn SN template (see Fig. 4), a good match to its LC is obtained with the ejecta and CSM properties similar to those applied for Type Ibn SNe by Maeda & Moriya (2022, Mej ∼ 2 − 6 M⊙, EK ∼ 1 × 1051 ergs, s ∼ 2.5 − 3.0, and D′∼0.5 − 5.0); Mej = 3 M⊙, EK = 2.5 × 1051 ergs, s = 2.9, and D′ = 2.3 for SN 2019hgp (blue line). The evolution of the radius of the shocked region roughly follows the BB radius up to ∼10 − 20 days (it is important to note that we do not model the first 4 or 5 days in detail, as this would require a more detailed treatment of radiation transfer effects). Interestingly, the photosphere starts receding at ∼10 − 20 days, which coincides with the kink seen in the LC evolution. This transition in the LC from a flat to steep evolution is interpreted as being caused by the change in the forward-shock property from the optically thick cooling phase to the optically thin adiabatic phase (see Maeda & Moriya 2022). According to this interpretation, we expect that the photosphere is formed in the shocked region in the earlier phases, but it later recedes into the ejecta once the shock becomes optically thin. This interpretation is consistent with the spectral evolution from the CSM interaction-dominated phase (characterized by a featureless blue continuum with narrow lines) into the SN ejecta-dominated one (with a broad-line spectrum; see Fig. 3). The simultaneous occurrence of the accelerated LC decay and the spectral evolution due to the receding photosphere is predicted by the model of Maeda & Moriya (2022), strengthening the case that SN 2019hgp is mainly powered by the SN-CSM interaction.
4.2. SNe 2021csp and 2021ckj
The LC of SN 2021csp shows an initial rapid-decay phase, followed by a flattening (> 10 days) and then again by a steep decay (> 40 days). SN 2021ckj might show similar evolution to SN 2021csp, even though the data have not been sampled enough in the earliest and latest phases. Since the photometric and spectroscopic properties of SNe 2021csp and 2021ckj are very similar (see Sect. 3), we assume that they are “twins” and model the LC of SN 2021csp to understand both SNe. The initial decay is not predicted directly in the SN-CSM interaction model that assumes a single power-law CSM distribution. Thus, we discuss this part separately in Sect. 4.3. The LC evolution, except for this initial decay (≳10 days), is similar to the evolution seen in the Type Ibn SN template, but it is somewhat brighter and has a slower transition. The model shown in Fig. 4 (red line) has the following parameters: Mej = 4 M⊙, EK = 4 × 1051 ergs, s = 2.9, and D′ = 5.1. As compared to the models for Type Ibn SNe and SN 2019hgp, the ejecta and CSM properties of these SNe are slightly different: the energy per ejecta mass is larger and the CSM density is on a higher side, although the total ejecta mass and the CSM density distribution are similar.
4.3. The initial rapid-declining phase of SN 2021csp
As mentioned above, in the early phase, the LC of SN 2021csp shows different properties from those of SN 2019hgp and Type Ibn SNe. It exhibits a rapidly declining LC after maximum as well as a very high photospheric velocity of ∼30 000 km s−1, estimated from the time evolution of the BB radius (cyan line in the right-hand side panel of Fig. 4). In addition, the photosphere already starts to recede at ∼5 days, which is earlier than seen for SN 2019hgp (∼20 days; see Fig. 4). These properties are difficult to reconcile with those at later phases in the present CSM-interaction model. In particular, the initial very high photospheric velocity contradicts the bright and slow LC evolution at later phases. Although the latter requires a large amount of CSM, this should substantially decelerate the shock wave, causing a challenge in reproducing the early high velocity. This may indicate that the initial phase is powered by a different mechanism. We consider two scenarios: (1) a CSM interaction by a highly energetic ejecta component in addition to the interaction by slower ejecta at later phases; and (2) the initial phase not being powered by an instantaneous interaction, but by a mechanism similar to the shock-cooling emission. In the former scenario, it is assumed that the SN-CSM interaction is ongoing in an optically thin environment, and the kinetic energy dissipated at the shock front is immediately converted to optical radiation as it is observed. In the latter scenario, most of the kinetic energy is dissipated early on before the observation, either within the progenitor’s envelope or optically thick CSM, after that the dissipated energy is converted to thermal energy and forms an expanding fireball; the subsequent radiation loss in the cooling fireball ultimately produces the characteristic “shock-cooling” emission.
4.3.1. CSM interaction scenario
To support scenario (1), we show an additional model (magenta line) in which only EK is changed from the reference model for the later phase of SNe 2021csp and 2021ckj, while the other parameters are unchanged (i.e., adopting different ejecta properties but the same CSM properties). The energy, EK, is set to allow the radius of the shocked region to expand with v ∼ 30 000 km s−1. This is realized if EK ∼ 35 × 1051 erg (for a fixed ejecta mass of 4 M⊙). This model can roughly explain the rapid initial decay. In this energetic model, the shocked region is in the optically thin adiabatic regime (Maeda & Moriya 2022). Qualitatively, the situation considered here is the following: an asymmetric and highly energetic ejecta component is ejected toward a specific direction within a limited solid angle (magenta), which is followed by the nearly spherical slower ejecta component (red). These two components interact with nearly spherically distributed CSM. The combination of these two components can qualitatively explain the LC behavior. Interestingly, the energy is similar to those derived for SNe associated with gamma-ray bursts (e.g., Cano et al. 2011); this may not be surprising due to the initially high-velocity photosphere seen in SNe 2021csp and 2021ckj. We note that the energy and the mass in the model are probably overestimated if we consider a collimated outflow. There are two caveats in this scenario. First, the initial phase is a bit too bright as compared to the data, while this may simply be modified by including a more realistic treatment of the ejecta geometry. Second, and probably more importantly, this model predicts that the initial decay is in the optically thin adiabatic phase of the energetic component, and the straightforward expectation is that the photosphere already starts receding from the beginning. This might be inconsistent with the initial rapid expansion of the photosphere, while investigation of further details will require more sophisticated treatment of radiation transfer effects.
4.3.2. Shock-cooling scenario
Alternatively, the shock-cooling scenario may provide a more natural explanation. From the reference model (red line) in Fig. 4, we see that the radiation starts diffusing out at 5 days at ∼5 × 1014 cm, signaling the “CSM breakout”. The model is not sensitively affected by the CSM distribution below this radius. Indeed, if the steep CSM density distribution is truncated toward the inner region generating an additional dense CSM (or envelope) component in the innermost region (i.e., the high-density component surrounded by a relatively flat CSM, which is then followed by the steep decrease starting at ∼5 × 1014 cm), it would create shock-cooling emission.
We consider the simplified (CSM) shock-cooling model of Maeda et al. (2018), which follows the formalism by Arnett (1980, 1982). The parameters are the CSM mass and radius (MCSM and RCSM) for the confined CSM (or the extended envelope), and Vsh, which is the shocked-shell velocity after the breakout. Accordingly, the energy dissipated by this interaction (i.e., the ejecta kinetic energy above Vsh) is approximated by [image: equation]. For demonstration purposes, we fix the opacity to be 0.1 g cm−3 and the thickness of the shocked region to be equal to the shock radius. In this model, we expect that the photospheric radius follows the expansion of the shell with Vsh, and thus we set Vsh = 30 000 km s−1. The model in Fig. 4 (solid cyan line) is obtained with RCSM = 1013 cm and MCSM = 0.5 M⊙, hence E(> 30 000 km s−1)∼5 × 1051 erg, which provides a rough representation of the initial rapid decay. This model requires a highly energetic shock, and this is not consistent with simple interpolation of the ejecta parameters adopted in the CSM-interaction model for the later phase. Therefore, we need a collimated high-energy ejecta component, which also decreases the necessary energy and mass budgets. For comparison, if we set Vsh = 10 000 km s−1, with E(> 30 000 km s−1)∼0.5 × 1051 erg, to mimic the outermost region of the reference model but fix the other parameters (e.g., the CSM properties), it would become much fainter (dashed-cyan line). Interestingly, this cooling model roughly matches the initial phase of SN 2019hgp, indicating that such a confined CSM, envelope component could also exist behind SN 2019hgp.
4.4. Conclusions of the LC modeling
From the above considerations, the following configuration may explain the LC evolution and the velocity evolution of SN 2021csp (and SN 2021ckj). The CSM distribution can be largely spherical, with the inner dense component within ∼1013 cm (which might be more similar to an envelope). The ejecta may be highly aspherical and composed of the following two components: a collimated high-energy outflow and a spherical canonical SN component. Both components first create the shock-cooling emission, which is dominated by the high-energy component. Once the shock-cooling emission quickly decays, the emission is then dominated by the SN-CSM interaction from the canonical (and spherical) component since the high-energy component also decays quickly in the SN-CSM interaction. The photosphere is expected to first follow Vsh, and once it becomes optically thin and the emission is dominated by the underlying SN-CSM interaction of the canonical and spherical SN component, the photosphere eventually starts to recede toward the inner ejecta.
On the one hand, the combination of the LC and velocity evolution of SN 2019hgp is consistent with a spherical SN-CSM interaction model, and there is no hint of an aspherical and high-energy ejecta component. On the other hand, as discussed above, the data for SNe 2021ckj and 2021csp indicate the existence of an aspherical (potentially collimated) high-energy component in either case: the CSM-interaction and shock-cooling models for the early phase.
5. Spectral modeling
We used the modular open-source Monte Carlo radiative transfer code TARDIS (Kerzendorf & Sim 2014; Kerzendorf et al. 2022) to generate synthetic spectra for SN 2021ckj. TARDIS is a one-dimensional code which, for a user-defined ejecta composition and ejecta profile, generates a time-independent synthetic spectrum. The code assumes that the ejecta are spherically symmetric and in homologous expansion, and that they have an optically thick photosphere that emits r packets (photon bundles) with energies sampled from a BB (Kerzendorf & Sim 2014). We used similar techniques to Gillanders et al. (2020), who used TARDIS to model the fast blue optical transient (FBOT) AT2018kzr. To produce a model for the observed spectra, we explored parameters controlling the ejecta composition, density profile, photospheric luminosity, and the explosion epoch to empirically obtain models that match the observations. We adopted a density profile ρ(V) that is a power law in the ejecta speed (V). This power law is assumed to extend from the inner boundary of the simulation domain (Vmin) to the outer boundary (Vmax), and is described by ρ0 (which is a reference density), texp (the adopted explosion epoch), and a power-law index Γ via the following:
[image: thumbnail](1)
where we adopted reference constants t0 = 10 days and V0 = 10 000 km s−1.
We attempted to produce a self-consistent model with a uniform one-zone composition that reproduces the observed spectra of SN 2021ckj such that Vmin, texp, and the photospheric luminosity (Lphot) are the only parameters that change between the model spectra. To evolve a model forward in time, texp increases and Vmin is expected to decrease, corresponding to a recession of the photosphere into the inner ejecta.
The first spectrum of SN2021ckj (at +7.7 day) reveals a hot blue continuum, narrow features that are plausibly from a CSM interaction (redward of 6000 Å), and broad absorption features in the blue wavelengths. Our TARDIS modeling efforts for this epoch were focused on reproducing the features in the blue wavelengths since these put the strongest constraints on the velocity of the ejecta and they are not obviously affected by the signatures of the CSM interaction. The spectrum shows five prominent features with absorption minima at ∼3200, 3500, 3800, 4300, and 4900 Å. We find that the feature at ∼3800 Å is Ca H&K and the other features are combinations of Co III, Co II, and Fe III. The identification of these species is shown in the Spectral element DEComposition (SDEC) plot in Fig. 5, and the model parameters are listed in Tables 3 and 4. To model this epoch, we require texp = +15.0 ± 1.0 days, but our estimate for the time of the explosion from the LC implies this spectrum should be at a phase of texp = +7.7 days. The velocity of Vmin = 10 500 km s−1 is well constrained by the Co III, Fe III, and Ca H&K lines, which forces our texp to be beyond the ATLAS explosion constraint. This discrepancy suggests that the TARDIS model may not be capturing the full physical picture of the expanding ejecta. The SN ejecta could be aspherical or they may not have been in homologous expansion – that is to say, the need to adopt a high value for texp may be suggestive that the ejecta were initially faster but have decelerated to 10 500 km s−1 by this epoch. The output photospheric temperature of the TARDIS simulation is ∼12 500 K, which is comparable to the +2.8 day spectrum of the FBOT AT 2018kzr (Gillanders et al. 2020). A reasonable model fit to the lines that appear to be formed in the expanding photosphere is achieved with the composition listed in Table 4.
	[image: thumbnail]	Fig. 5. Spectral modeling of SN 2021ckj. Top left panel: comparison of our best model (green) to the observed +7.7 day spectrum (black). Top right panel: Model spectrum (green) comparison to the +12.1 day spectrum (black). Bottom left panel: TARDIS models (green for model 1 and purple for model 2) compared to the +21.2 day spectrum (black). Bottom right panel: +7.7 day spectrum Spectral element DEComposition (SDEC) plot showing the contributions of each chemical species to the synthetic spectrum.



Table 3. 
Density profile parameters and velocity ranges in the TARDIS models of SN 2021ckj.

Table 4. 
Relative mass fractions for the SN 2021ckj ejecta as constrained by the +7.7 day spectrum.

The second spectrum (Phase +12.1 days) is noisy and cannot be used to place constraints on the model composition or velocity. We included this spectrum in our modeling just to constrain the model temperature (∼8500 K) at this epoch.
The final spectrum of SN 2021ckj at +21.2 days shows P-Cygni features at ∼4000 Å and ∼8600 Å, which are produced by the Ca H&K lines and the Ca II near-infrared triplet, respectively. The flux peaks in the blue wavelengths, and we suspect it is dominated by a pseudocontinuum flux due to a multitude of Fe lines. In other Type Icn SNe, the presence of this Fe bump has been taken as evidence of a strong CSM interaction and is thought to be driven by winds or shocked gas (Perley et al. 2022). TARDIS cannot treat these interaction effects and we calculated two models at this epoch, model 1 with a boosted Lphot to reproduce the Fe features in the Fe bump and model 2 to fit the spectral energy distribution (SED) for wavelengths λ > 5500 Å. We measured the photospheric temperature (∼6500 K) from the model 2 fit to the SED.
We find that our model density profile is not consistent among all epochs. To produce reasonable agreement with the observed spectra, we needed to modify the density profile parameter ρ0. We used ρ0 = 3.5 × 10−12 g cm−3 for the early (+7.7-day) spectrum and 2.0 × 10−13 g cm−3 for the +12.1-day and +21.2-day spectra. The spectra of SN 2021ckj show signs of a CSM interaction and the LC modeling in Sect. 4 suggests the ejecta may be aspherical. TARDIS cannot treat a CSM interaction or aspherical ejecta, so we acknowledge the limitations of our models to fully represent the ejecta of SN 2021ckj. The fact that we find an inconsistency in the density profile parameter ρ0 also suggests that single zone, homologously expanding, spherical ejecta are not what we are observing. Therefore, TARDIS can only provide line identifications of the broad spectral features, approximate composition, and constraints on the ejecta velocity. We find that our the photospheric velocity of 10 000 km s−1 is consistent with SN 2021csp and the broader population of typical Type Ic SNe, and that the composition is likely dominated by oxygen and carbon, while the iron group elements produce the strong absorption lines in the blue wavelengths.
6. Discussions
In this section, we discuss the ejecta and CSM properties of SN 2021ckj compared to the well-observed Type Icn SNe 2019hgp and 2021csp. From the similarity of the photometric properties between SNe 2021ckj and 2021csp, the properties of their ejecta and CSM should be very similar. The LC modeling suggests that SNe 2021ckj and 2021csp have two ejecta components (an aspherical high-energy component and a spherical canonical component) and a relatively spherical CSM. The spherical ejecta and the CSM components with the following parameters can explain their late-time LC evolution: Mej = 4 M⊙, EK = 4 × 1051 ergs, s = 2.9, and D′ = 5.1. Here, s and D′ are constants describing a single power-law density profile of the CSM according to ρCSM = Dr−s. In addition to these “canonical” components, a highly energetic component is required to explain the rapid initial decay and the photospheric expansion in the first 10 days.
On the other hand, the photometric evolution of SN 2019hgp can be explained by a spherical SN-CSM interaction model alone. There is no sign of an aspherical and energetic ejecta component. We estimate the values for the ejecta and the CSM as follows: Mej = 3 M⊙, EK = 2.5 × 1051 ergs, s = 2.9, and D′ = 2.3. The ejecta properties for SN 2019hgp are similar to those for Type Ibn SNe (Mej ∼ 2 − 6 M⊙, EK ∼ 1.0 × 1051 ergs; see Maeda & Moriya 2022).
The canonical (spherical) ejecta component of SNe 2021ckj and 2021csp are more energetic than that of SN 2019hgp. This might be related to the interpretation that SN 2021ckj (and SN 2021csp) has an aspherical energetic component in addition to a canonical one. The density distribution of the CSM is a common feature in these three SNe, and is consistent with those estimated for Type Ibn SNe (s ∼ 2.5 − 3.0; Maeda & Moriya 2022). This might imply that the mass-loss mechanism is similar in Type Icn (and also Ibn) SNe. The CSM mass of SN 2021ckj (and SN 2021csp; D′ = 5.1) is higher than that for SN 2019hgp (D′ = 2.3), even though these values are consistent with those of Type Ibn SNe (D′∼2.5 − 5.0; Maeda & Moriya 2022).
Although SNe 2021ckj and 2021csp show almost the same behavior in their photometric evolution (see Sect. 3.1), their spectral features are slightly different. As we have discussed in Sect. 3.2, the early spectrum of SN 2021ckj shows a similar ionization state of the ejecta as SN 2021csp, with a different absorption-to-emission ratio for C II lines. This implies that some aspherical structures in the emitting regions and that the viewing angles for these SNe are different. This is consistent with the conclusion inferred from the LC modeling. We might have been looking at SN 2021ckj from the polar direction of the aspherical high-energy ejecta component. Since the CSM is quickly swept up to a larger distance in the polar direction than in the other directions, we have less of an amount of CSM along the line of sight. On the other hand, the viewing angle for SN 2021csp might have been relatively off-axis, where there is a larger amount of CSM above the interaction shock due to the slower propagation of the CSM interaction shock, creating the stronger absorption parts.
The difference in the late-phase spectra of SNe 2021ckj and 2021csp might also support this scenario. Their late-time spectra share an overall similarity: a smooth continuum plus a Fe bump. However, only the spectrum of 2021csp shows clear line features. If the composition of their ejecta is the same, which is also supported by the similar set of lines in the early spectra, the diversity in the above observable is likely due to a difference in the velocity: higher velocity in SN 2021ckj and lower velocity in SN 2021csp. This can be naturally explained by the above scenario as the ejecta in the polar direction (SN 2021ckj) are faster than in an off-axis direction (SN 2021csp).
Therefore, taking the similarities and differences in their photometric and spectroscopic properties into account, we might be able to understand SNe 2021ckj and 2021csp as follows. They have similar properties as the SN ejecta, CSM, and the interaction including an aspherical explosion geometry, but involving different viewing angles. On the other hand, SN 2019hgp has different properties of the ejecta and CSM from those of SNe 2021ckj and 2021csp.
As mentioned in the introduction, there are several proposed scenarios for the progenitors of Type Icn SNe. The present work provides a new and strong constraint on the nature of the progenitor and explosion: the presence of a high-energy component in the ejecta, which requires the formation of a jet or a collimated outflow. From this point of view, the progenitors of Type Icn SNe would be more consistent with the following scenarios among those presented in Sect. 1: a merger of a WR star and a compact object, or a failed partial explosion of a WR star. In the former case, we expect an enormous diversity in their observational properties that originated from the different values of the parameters, such as the different masses of WR stars and companion stars, and different impact parameters. Thus, it might be statistically difficult to have very similar twins (SNe 2021ckj and 2021csp) in only three well-observed Type Icn SNe in the current sample. The latter scenario, which predicts a subrelativistic jet, might explain the observed properties of Type Icn SNe, even though there are many uncertain processes, such as the jet launch mechanism and the fallback processes. For a better understanding their progenitors, it is important to study the properties of the ejecta and CSM of Type Icn SNe with a larger SN sample.
7. Conclusions
We have presented photometric and spectroscopic observations of the Type Icn SN 2021ckj. Its photometric and spectroscopic properties are almost identical to those of SN 2021csp. The photometric evolution is characterized by a high peak brightness (∼ − 20 mag in the optical bands) and a rapid evolution (rise and above half-maximum times being ∼4 and ∼10 days, respectively, in the g and cyan bands). The early spectrum of SN 2021ckj shows narrow emission lines from highly ionized carbon and oxygen lines, while the late-time spectrum is smooth and featureless, except for the Ca II triplet line and the iron bump.
The TARDIS modeling of the spectra of SN 2021ckj has clarified that the composition of the SN ejecta is dominated by oxygen and carbon with the iron group elements and the photosperic velocity around the peak is ∼10 000 km s−1. The modeling has also implied the need for aspherical SN ejecta.
From the LC modeling, we have found that the ejecta and CSM properties are diverse in Type Icn SNe 2019hgp, 2021csp, and 2021ckj. The estimated ejecta properties are as follows: SNe 2021ckj and 2021csp must have two components (an aspherical high-energy component and a spherical standard-energy component) with a roughly spherical CSM. On the other hand, SN 2019hgp can be explained by a spherical SN-CSM interaction. In addition, the ejecta of SNe 2021ckj and 2021csp have a larger energy per ejecta mass than SN 2019hgp. These three SNe share a common CSM density distribution, which is similar to those of Type Ibn SNe. As for the CSM mass, SNe 2021ckj and 2021csp have higher masses than SN 2019hgp, even though both values are within the diversity range of Type Ibn SNe.
The similarities and differences of the observational properties of SNe 2021csp and 2021ckj can be explained by the viewing angle effects of an interaction between aspherical ejecta (a collimated high-energy outflow and canonical SN ejecta) and a spherical CSM. We suggest that SN 2021ckj is observed from a direction close to the jet pole, while SN 2021csp is observed from an off-axis direction.


1 https://irsa.ipac.caltech.edu/


2 https://github.com/svalenti/pessto
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	[image: thumbnail]	Fig. 1. Optical LCs of SN 2021ckj. The data were taken with the 1.82 m Copernico Telescope (triangles), NTT (circles), ZTF (filled squares), ATLAS (inverted triangles), and Pan-STARRS (diamonds). The R-band magnitudes in the NTT data have been converted into r-band magnitudes using the relation in Chonis & Gaskell (2008). The gray and black points show the r-band LCs of SNe 2019hgp (Gal-Yam et al. 2022) and 2021csp (Fraser et al. 2021), respectively, which have been plotted using their absolute magnitudes. Limiting magnitudes are indicated with arrows. All the magnitudes have been corrected with the Galactic extinction (E(B − V) = 0.027 and 0.019 mag for SNe 2021csp and 2019hgp, respectively; Schlafly & Finkbeiner 2011). The error bars for all data points have also been plotted, even though they are smaller than the sizes of the symbols in most cases.
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	[image: thumbnail]	Fig. 2. Evolution of the photospheric parameters estimated from blackbody fitting to the photometry of SN 2021ckj (red points connected with a line). Open red circles are the assumed values. Comparison objects, SNe 2019hgp and 2021csp, are shown with the gray and black points connected with lines, respectively. The values for the comparison objects have been taken from Gal-Yam et al. (2022) and Fraser et al. (2021).
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	[image: thumbnail]	Fig. 3. Spectral evolution of SN 2021ckj. Top panel: early spectra of SN 2021ckj (red), compared with the other Type Icn SNe 2019hgp (gray) and 2021csp (black). Bottom panel: same as the top panel, but for the late-time spectra. For comparison, the spectra of SNe 2020bqj (Ibn; Kool et al. 2021), 2020uem (IIn/Ia-CSM; Uno et al. 2023), and 2021foa (IIn; Reguitti et al. 2022) are plotted. These data were obtained through WISeREP (https://www.wiserep.org/object/17712).
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	[image: thumbnail]	Fig. 4. LC models (left panel) and evolution of the radius at the contact discontinuity, as compared to the photospheric radius (right panel). The model parameters are as follows: Mej = 3M⊙, EK = 2.5 × 1051 ergs, s = 2.9, and D′ = 2.3 for SN 2019hgp (blue lines), and Mej = 4 M⊙, EK = 4 × 1051 ergs, s = 2.9, and D′ = 5.1 for SNe 2021ckj and 2021csp (red lines). Additionally, two scenarios for the initial decay seen in SN 2021csp are shown: (1) the SN-CSM interaction driven by a highly energetic component (magenta lines) and (2) the shock-cooling of an energetic component (solid cyan lines). As a comparison, the same is also shown, but for a canonical explosion energy (dashed-cyan line). The gray hatching shows the template of the LCs of Type Ibn SNe (Hosseinzadeh et al. 2017; Maeda & Moriya 2022).
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	[image: thumbnail]	Fig. 5. Spectral modeling of SN 2021ckj. Top left panel: comparison of our best model (green) to the observed +7.7 day spectrum (black). Top right panel: Model spectrum (green) comparison to the +12.1 day spectrum (black). Bottom left panel: TARDIS models (green for model 1 and purple for model 2) compared to the +21.2 day spectrum (black). Bottom right panel: +7.7 day spectrum Spectral element DEComposition (SDEC) plot showing the contributions of each chemical species to the synthetic spectrum.
In the text





    
      Table 1. 

      Log of the photometry of SN 2021ckj.

      
        


	Date (UT)
	MJD
	Phase
	Bands
	Telescope
	Instrument





	2021 February 06.34
	59251.34
	−1.79
	i
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 07.29
	59252.29
	−0.96
	gr
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 09.29
	59254.29
	+0.80
	gri
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 11.31
	59256.31
	+2.57
	gr
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 12.30
	59257.30
	+3.44
	i
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 15.30
	59260.30
	+6.06
	gri
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 17.94
	59262.94
	+8.38
	uBVgriz
	1.82m Copernico Telescope
	AFOSC



	2021 February 18.23
	59263.23
	+8.63
	gri
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 20.27
	59265.27
	+10.42
	gr
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 21.19
	59266.19
	+11.23
	i
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 22.15
	59267.15
	+12.07
	V
	3.58m NTT telescope
	EFOSC



	2021 February 22.27
	59267.27
	+12.17
	g
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 23.24
	59268.24
	+13.02
	BVRi
	3.58m NTT telescope
	EFOSC



	2021 February 24.27
	59269.27
	+13.93
	gr
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 25.19
	59270.19
	+14.73
	i
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 February 26.27
	59271.27
	+15.68
	r
	48 inch Samuel Oschin Telescope
	ZTF Observing System



	2021 March 6.15
	59279.15
	+22.59
	BVRi
	3.58m NTT telescope
	EFOSC



	2021 March 13.13
	59286.13
	+28.70
	BVRi
	3.58m NTT telescope
	EFOSC



	2021 March 23.09
	59296.09
	+37.43
	BVRi
	3.58m NTT telescope
	EFOSC



	2022 January 3.31
	59582.31
	+288.28
	BVRi
	3.58m NTT telescope
	EFOSC



	2022 February 3.25
	59613.25
	+315.40
	BVRi
	3.58m NTT telescope
	EFOSC





      

    

  
    
      Table 2. 

      Photometry of SN 2021ckj.

      
        


	Phase
	u
	B
	V
	g
	R
	r
	i
	z





	−1.79
	–
	–
	–
	–
	–
	–
	> 20.375
	–



	−0.96
	–
	–
	–
	> 21.641
	–
	> 21.352
	–
	–



	+0.80
	–
	–
	–
	19.647 (0.065)
	–
	19.983 (0.091)
	19.994 (0.127)
	–



	+2.57
	–
	–
	–
	19.256 (0.057)
	–
	19.456 (0.088)
	–
	–



	+3.44
	–
	–
	–
	–
	–
	–
	> 18.313
	–



	+6.06
	–
	–
	–
	19.508 (0.086)
	–
	19.253 (0.136)
	19.682 (0.129)
	–



	+8.38
	20.551 (0.073)
	20.459 (0.126)
	19.939 (0.070)
	20.009 (0.073)
	–
	19.966 (0.034)
	19.931 (0.036)
	19.981 (0.083)



	+8.63
	–
	–
	–
	20.164 (0.194)
	–
	19.994 (0.308)
	20.129 (0.311)
	–



	+10.42
	–
	–
	–
	20.659 (0.160)
	–
	20.551 (0.105)
	–
	–



	+11.23
	–
	–
	–
	–
	–
	–
	> 19.865
	–



	+12.07
	–
	–
	20.554 (0.065)
	–
	–
	–
	–
	–



	+12.17
	–
	–
	–
	20.990 (0.400)
	–
	–
	–
	–



	+13.02
	–
	21.451 (0.052)
	20.824 (0.028)
	–
	20.674 (0.025)
	–
	20.784 (0.022)
	–



	+13.93
	–
	–
	–
	>20.580
	-
	> 17.340
	–
	–



	+14.73
	–
	–
	–
	–
	–
	–
	> 20.390
	–



	+15.68
	–
	-
	–
	–
	–
	> 20.314
	–
	–



	+22.59
	–
	22.235 (0.079)
	21.637 (0.069)
	–
	21.558 (0.066)
	–
	21.759 (0.094)
	–



	+28.70
	–
	22.312 (0.061)
	21.757 (0.065)
	–
	21.664 (0.063)
	–
	21.871 (0.101)
	–



	+37.43
	–
	22.476 (0.053)
	22.049 (0.040)
	–
	22.081 (0.051)
	–
	22.283 (0.076)
	–



	+288.28
	–
	> 23.579
	> 22.853
	–
	> 22.744
	–
	> 22.258
	–



	+315.40
	–
	> 23.691
	> 22.837
	–
	> 22.765
	–
	> 22.278
	–





      

      
Notes. BVR-band photometry has been calibrated to Vega magnitudes, while ugriz-band photometry has been calibrated to AB magnitudes.



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Optical LCs of SN 2021ckj. The data were taken with the 1.82 m Copernico Telescope (triangles), NTT (circles), ZTF (filled squares), ATLAS (inverted triangles), and Pan-STARRS (diamonds). The R-band magnitudes in the NTT data have been converted into r-band magnitudes using the relation in Chonis & Gaskell (2008). The gray and black points show the r-band LCs of SNe 2019hgp (Gal-Yam et al. 2022) and 2021csp (Fraser et al. 2021), respectively, which have been plotted using their absolute magnitudes. Limiting magnitudes are indicated with arrows. All the magnitudes have been corrected with the Galactic extinction (E(B − V) = 0.027 and 0.019 mag for SNe 2021csp and 2019hgp, respectively; Schlafly & Finkbeiner 2011). The error bars for all data points have also been plotted, even though they are smaller than the sizes of the symbols in most cases.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Evolution of the photospheric parameters estimated from blackbody fitting to the photometry of SN 2021ckj (red points connected with a line). Open red circles are the assumed values. Comparison objects, SNe 2019hgp and 2021csp, are shown with the gray and black points connected with lines, respectively. The values for the comparison objects have been taken from Gal-Yam et al. (2022) and Fraser et al. (2021).

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Spectral evolution of SN 2021ckj. Top panel: early spectra of SN 2021ckj (red), compared with the other Type Icn SNe 2019hgp (gray) and 2021csp (black). Bottom panel: same as the top panel, but for the late-time spectra. For comparison, the spectra of SNe 2020bqj (Ibn; Kool et al. 2021), 2020uem (IIn/Ia-CSM; Uno et al. 2023), and 2021foa (IIn; Reguitti et al. 2022) are plotted. These data were obtained through WISeREP (https://www.wiserep.org/object/17712).

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        LC models (left panel) and evolution of the radius at the contact discontinuity, as compared to the photospheric radius (right panel). The model parameters are as follows: Mej = 3M⊙, EK = 2.5 × 1051 ergs, s = 2.9, and D′ = 2.3 for SN 2019hgp (blue lines), and Mej = 4 M⊙, EK = 4 × 1051 ergs, s = 2.9, and D′ = 5.1 for SNe 2021ckj and 2021csp (red lines). Additionally, two scenarios for the initial decay seen in SN 2021csp are shown: (1) the SN-CSM interaction driven by a highly energetic component (magenta lines) and (2) the shock-cooling of an energetic component (solid cyan lines). As a comparison, the same is also shown, but for a canonical explosion energy (dashed-cyan line). The gray hatching shows the template of the LCs of Type Ibn SNe (Hosseinzadeh et al. 2017; Maeda & Moriya 2022).

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Spectral modeling of SN 2021ckj. Top left panel: comparison of our best model (green) to the observed +7.7 day spectrum (black). Top right panel: Model spectrum (green) comparison to the +12.1 day spectrum (black). Bottom left panel: TARDIS models (green for model 1 and purple for model 2) compared to the +21.2 day spectrum (black). Bottom right panel: +7.7 day spectrum Spectral element DEComposition (SDEC) plot showing the contributions of each chemical species to the synthetic spectrum.

      

    

  
    
      Table 3. 

      Density profile parameters and velocity ranges in the TARDIS models of SN 2021ckj.

      
        


	Phase (days)
	texp (days)
	Vmin (km s−1)
	Vmax (km s−1)
	Density profile parameters




	
	
	
	
	V0 (km s−1)
	t0 (days)
	ρ0 (g cm−3)
	Γ





	+7.7
	+15
	10 500
	15 000
	10 000
	10
	3.5 × 10−12
	10



	+12.1
	+19.4
	10 000
	15 000
	10 000
	10
	2 × 10−13
	10



	+21.2
	+30.6
	9500
	15 000
	10 000
	10
	2 × 10−13
	10





      

      
Notes. The density profile parameters ρ0 and Γ are not held constant but are consistent between second and third epochs. The photospheric velocity Vmin has been reduced between model spectra.



    

  
    
      Table 4. 

      Relative mass fractions for the SN 2021ckj ejecta as constrained by the +7.7 day spectrum.

      
        


	Element
	Relative mass fraction





	C
	0.001



	O
	∼0.8



	Na
	0.1



	Ca
	1 × 10−3



	Ti
	1 × 10−4



	Fe
	0.007



	Co
	0.0174



	Ni
	0.00174





      

      
Notes. The relative mass fraction of each element has been held constant for all TARDIS models.
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