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Abstract

Context. Stripped-envelope supernovae (SESNe), including Type IIb, Ib, and Ic supernovae (SNe), originate from the explosions of massive stars whose outer envelopes have been largely removed during their lifetimes. The main stripping mechanism for the hydrogen (H) envelope in the progenitors of SESNe is often considered to be interaction with a binary companion, but the stripping mechanism for the helium (He) layer is unclear.

Aims. We study the process of the He-layer stripping in the progenitors of SESNe. This is closely related to the origin of their diverse observational properties.

Methods. We conducted photometric and spectroscopic observations of the Type Ib SN 2021efd, which shows signs of interaction with H-free circumstellar material (CSM). At early phases, its photometric and spectroscopic properties resemble those of typical Type Ib SNe. Around 30 days after the r-band light curve (LC) peak until at least ∼770 days, the luminosity of the multiband LCs is higher than that of regular SESNe and has at least three distinct peaks. The LC evolution is similar to that of SN 2019tsf, whose previously unpublished spectrum at 400 days is also presented here. The nebular spectrum of SN 2021efd shows narrow emission lines (∼1000 km s−1) in various species, such as O I, Ca II, Mg II, He I, [O I], [Ca II], and [S II]. Based on the observations, we studied the properties of the ejecta and CSM of SN 2021efd.

Results. Our observations suggest that SN 2021efd is a Type Ib SN that interacts with the CSM with the following parameters: The estimated ejecta mass, explosion energy, and 56Ni mass are 2.2 M⊙, 9.1 × 1050 erg, and 0.14 M⊙, respectively, and the estimated CSM mass, composition, and distribution are at least a few times 0.1 M⊙, H free, and clumpy, respectively. Based on the estimated ejecta properties, we conclude that this event is a transitional SN whose progenitor was experiencing He-layer stripping at the epoch of the explosion and was on the way to becoming a carbon-oxygen star (as the progenitors of Type Ic SNe) from a He star (as the progenitors of Type Ib SNe). The estimated CSM properties suggest that the progenitor had some episodic mass ejections at a rate of ∼5 × 10−3 − 10−2 M⊙ yr−1 for the last decade and slightly lower before this final phase at least from ∼200 years before the explosion for the assumed CSM velocity of 100 km s−1. For the case of ∼1000 km s−1, the necessary mass-loss rate would be higher by a factor of ten, and the timescales would be shorter by a factor of ten.
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1. Introduction
Massive stars (M ≳ 8 M⊙) terminate their lives in catastrophic explosions known as core-collapse supernovae (CCSNe). CCSNe are classified into several types based on their observational properties. CCSNe containing hydrogen (H) lines in their spectra are categorized as Type II SNe, and those with little to no H in their spectra are collectively called stripped-envelope supernovae (SESNe), which include the types IIb, Ib, and Ic (e.g., Filippenko 1997; Gal-Yam 2017). SNe Ib show helium (He) lines in their spectra around peak brightness, but SNe Ic do not exhibit H or He lines. The spectroscopic properties of SNe IIb are similar to those of SNe II at early phases, but after the light-curve maximum, their spectra change and become identical to those of Type Ib SNe.
The observational diversity in CCSNe is considered to reflect the different mass-loss histories of their progenitors before the explosions (e.g., Nomoto et al. 1995; Gal-Yam 2017; Dessart et al. 2024). When the H-envelope of a progenitor star is almost entirely stripped by the mass loss before the terminal explosion, it explodes as a Type Ib SN. When a star also loses most of its He layer, it explodes as a Type Ic SN. A star with a largely intact H envelope would be a Type II SN, and a star with a mostly stripped H envelope would produce a Type IIb SN.
The origin of the difference in the observational properties, and thus, in the mass-loss history in CCSNe, has been discussed over the past decades. The initial mass and metallicity of massive stars are important parameters that govern their evolution. To estimate the initial masses of the CCSN progenitors, a method based on the [O I]/[Ca II] ratio in the nebular spectra is often used, which is correlated with the carbon-oxygen core mass of the progenitor, and thus, with its zero-age main-sequence (ZAMS) mass (e.g., Fransson & Chevalier 1989; Kuncarayakti et al. 2015; Jerkstrand et al. 2017; Dessart et al. 2021, 2023). Based on a statistical analysis of the nebular spectra of SESNe, Fang et al. (2019) and Fang et al. (2022) concluded that the initial masses of the Type IIb and Ib progenitors are similar and systematically lower than those of Type Ic SNe. This conclusion was also supported by environmental studies (e.g., Anderson et al. 2012; Kangas et al. 2017; Kuncarayakti et al. 2018a). Additionally, Barmentloo et al. (2024) also investigated the progenitor masses of SESNe using a new method based on the [N II] λλ6548, 6583 lines in their nebular spectra. They also concluded that Type IIb SNe mostly originate in stars with a low He core mass (∼3 M⊙), whose ZAMS masses are similar to the progenitors of typical Type II SNe, roughly 8–17 M⊙ (e.g., Smartt 2009). We note that certain mostly peculiar Type IIb and Ib SNe arise from progenitors with higher initial masses than we considered here (e.g., Stritzinger et al. 2020; Schweyer et al. 2025). Based on the observational conclusion that the progenitors of Type IIb and Ib SNe originate from similarly low-mass massive stars, Fang et al. (2019) concluded that the H-envelope stripping is a mass-insensitive process. A promising candidate for the H-envelope stripping is interaction with a binary companion (e.g., Nomoto et al. 1995; Maund et al. 2004; Smith et al. 2011a; Dessart et al. 2011; Bersten et al. 2012; Eldridge et al. 2013; Yoon et al. 2017). This scenario explains not only observational properties (e.g., Dessart et al. 2024) well, but also the observational relations between the progenitor radius and mass-loss rate in Type IIb SNe (Ouchi & Maeda 2017). On the other hand, since the progenitors of Type Ic SNe are more massive on average than those of Type IIb and Type Ib SNe, the He-layer stripping might be a mass-dependent process (Fang et al. 2019). In addition, the metallicities of Type Ic SNe environments are higher than those of Type IIb and Ib SNe (e.g., Anderson et al. 2015; Kuncarayakti et al. 2018a), which implies that the mechanism for the He-layer stripping might also depend on the metallicity. While simulations support binary stripping for H-envelope removal in SESN progenitors, they disfavor it for He-layer stripping in typical Type Ic progenitors because this extreme stripping is difficult to reproduce through binary interactions (e.g., Yoon et al. 2017; Dessart et al. 2024). Strong stellar winds (e.g., Crowther 2007) and pre-SN eruptions (e.g., Crowther 2007; Fuller & Ro 2018; Wu & Fuller 2021 are other possibilities. The detailed nature of this process is theoretically and observationally unclear.
In some rare SESNe, significant interactions between the SN ejecta and their circumstellar material (CSM) have been observed. The CSM originates in mass loss from the progenitor systems before the explosion, and interacting SESNe therefore provide good opportunities to unravel the mass-loss histories of SESN progenitor systems. Types Ibn and Icn SNe are characterized by interaction with He-rich and C/O-rich CSM, respectively (e.g., Pastorello et al. 2007; Gal-Yam et al. 2022; Pellegrino et al. 2022). Their early spectra show narrow lines that are caused by this interaction. Their spectra differ from regular Type Ib and Ic SNe beyond these narrow lines, and they generally show a faster light-curve evolution and higher peak brightness than regular Type Ib and Type Ic SESNe. This suggests that the progenitor systems of Ibn SNe and SESNe might not be related. Binary interaction and strong winds or outbursts have been suggested as the mass-loss mechanism for Type Ibn/Icn SN progenitors (Hosseinzadeh et al. 2017; Maeda & Moriya 2022). Some Type Ibn and Type Icn SNe have been suggested to be the explosions of Wolf-Rayet (WR) stars that are more massive than regular SESNe progenitors (e.g., Pastorello et al. 2007; Tominaga et al. 2008). Gal-Yam et al. (2022), suggesting that the differences between Type Ibn and Type Icn SNe mirror those of WN and WC subclasses of WR stars. Other scenarios include explosions of relatively low-mass stars surrounded by massive CSM (e.g., Moriya & Maeda 2016; Dessart et al. 2022) and mergers between a WR star and a compact companion (Metzger 2022). Recently, Schulze et al. (2025) suggested that SN 2021yfj resulted from the explosion of an ultrastripped star, classified as a Type Ien SN, that interacted with sulfur-rich and silicon-rich CSM.
The photometric and/or spectroscopic properties of some other interacting SESNe are also similar to those of typical SESNe for some time, but with some signs of extensive circumstellar interaction (CSI). A blue continuum, narrow lines in their spectra, and/or slow photometric evolution are some examples of these properties. Some are colliding with H-rich CSM, such as Type Ib SN 2019oys (Sollerman et al. 2020) and Type Ib SN 2019yvr (Ferrari et al. 2024). In one case, a He-poor Type Ic SN 2017dio evolved into a Type IIn-like SN with narrow H lines (Kuncarayakti et al. 2018b). Since the outer layers of the progenitors of Type Ic SNe are H poor, the observed H-rich CSM is thought to originate from the companion star in the binary system and not from the progenitor itself. Hence, the CSM in systems like this preserves information on the mass loss from periods of intense binary interaction. In some cases, SESNe are thought to be interacting with H-poor CSM. The Type Ib SN 2019tsf (Sollerman et al. 2020; Zenati et al. 2022) is one of these cases. Its light curve (LC) is bumpy and declines slowly. The broadline Type Ic SN 2022xxf is another object with a bumpy LC (Kuncarayakti et al. 2023), suggesting that it might have interacted with H/He-poor CSM. The Type Ic SNe 2010mb (Ben-Ami et al. 2014), 2021ocs (Kuncarayakti et al. 2022), and possibly 2022esa (Maeda et al. 2025) are also inferred to be SNe that interact with H/He-poor CSM. When the H-poor CSM likely results from envelope stripping in progenitor stars and not from mass loss of the companion star, it is essential to characterize the CSM.
We present observations of the peculiar Type Ib SN 2021efd with multiple peaks in its light-curve evolution that indicate a strong interaction with CSM. SN 2021efd was discovered on 2.79 March 2021 UT (i.e., MJD = 59275.34) by the Zwicky Transient Facility (ZTF) using the 1.2 m Palomar Oschin telescope (Masci et al. 2019; Bellm et al. 2019; Graham et al. 2019; Dekany et al. 2020). The last nondetection prior to the discovery was based on an r-band image taken by ZTF on MJD 59269.27 with a limiting magnitude of > 21.35 mag. We estimate the explosion date in Sect. 3.1. All phases are in the rest frame and are henceforth displayed relative to the epoch of the r-band maximum (MJD 59289.15 ± 0.99).
The host galaxy of SN 2021efd is KUG 1121+239 (see Fig. 1), which has a spectroscopic redshift of z = 0.027756 ± 0.000016 (Sloan Digital Sky Survey 2017). We adopted the luminosity distance of 116.4 Mpc inferred from this redshift with the assumption of a flat cosmology and a Hubble constant (H0) of 73 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. Based on a spectrum obtained with the 2.56 m Nordic Optical Telescope (NOT) 1.81 days after discovery, Reguitti & Stritzinger (2021) classified SN 2021efd as a SN Ibc. Our analysis shows that the spectra are more similar to SNe Ib than to Type Ic SNe (see Sect. 4). Because significant Na I D absorption lines in the SN spectrum at the redshift of the host galaxy are lacking, we assumed the extinction within the host galaxy to be very weak, and we thus only corrected the photomeric data for the Milky Way (MW) extinction of E(B − V)MW = 0.0168 mag (Schlafly & Finkbeiner 2011).
	[image: thumbnail]	Fig. 1. Acquisition image of SN 2021efd and its host galaxy, taken with the NOT using ALFOSC without a filter on 4 April 2021 UT (MJD 59318.94). The red markers in the zoomed-in image mark the location of SN 2021efd in the host galaxy.



The organization of this paper is as follows. Sect. 2 presents the observations. The photometric and spectroscopic properties are detailed in Sects. 3 and 4, respectively. Sect. 5 estimates the key properties of SN 2021efd. The origin of the brightness excess is examined in Sect. 6, along with the derivation of the CSM properties through LC modeling. Sect. 7 addresses the mass-loss mechanism that creates the CSM in SN 2021efd and its progenitor. The paper concludes with a summary in Sect. 8.
2. Observations and data reduction
2.1. Photometry
We present 40 epochs of multiband (uBVgri) photometry of SN 2021efd obtained with the Las Campanas Observatory’s (LCO) 1-m Henrietta Swope telescope equipped with a direct imaging camera. These data were obtained as part of the Precision Observations of Infant Supernova Explosions (POISE) collaboration (Burns et al. 2021) and extend from −12.6 to +27.2 days with three additional epochs between +390.6 and +392.1 days. Imaging data were reduced following standard procedures (Hamuy et al. 2006), and the instrumental magnitudes from the point-spread-function (PSF) photometry of the SN were calibrated to apparent magnitudes using nightly zero-points inferred from a local sequence of stars calibrated by standard star observations. The host galaxy flux was subtracted with a template photometry taken three years after the explosion.
We also present eight epochs of late-time gri photometry from the NOT using the Alhambra Faint Object Spectrograph and Camera (ALFOSC), two epochs of r photometry with the Palomar 60-inch telescope (P60) using SED Machine (SEDM, Blagorodnova et al. 2018), and one epoch of griz photometry with the 6.5-m Multi-Mirror Telescope (MMT) using the Binospec instrument. These data were obtained as part of the Zwicky Transient Facility collaboration. Photometry of ALFOSC and Binospec data was performed following the procedures as described in Chen et al. (2022). We used archival images from the Pan-STARRS1 (PS1) survey as reference images for image subtraction. The instrumental magnitudes were obtained with PSF photometry on the subtracted images. The photometric zero-point calibration was done using the reference stars in the field view of the science image.
Our photometry of SN 2021efd is complemented with measurements obtained by the ZTF survey (Bellm et al. 2019; Graham et al. 2019; Masci et al. 2019) and the ATLAS Project (Asteroid Terrestrial-impact Last Alert System; Tonry et al. 2018; Smith et al. 2020). Photometry from these public surveys were retrieved through the ZTF Forced Photometry Service1 (Masci et al. 2023) and the ATLAS Forced Photometry Service (Shingles et al. 2021)2, respectively. These photometric measurements were obtained on science images having undergone host-galaxy template subtraction. We adopted a signal-to-noise ratio of 3 as the detection limit for the forced photometry. The photometry from these surveys was binned into one-day intervals.
2.2. Spectroscopy
We present 13 epochs of optical spectroscopy of SN 2021efd extending from −12 days to +771 days. Four of these were obtained with the NOT equipped with ALFOSC as part of the NOT Unbiased Transient Survey (NUTS2) collaboration. A pre-maximum spectrum was also obtained by POISE with the 6.5-m Magellan Baade telescope equipped with the Inamori-Magellan Areal Camera and Spectrograph (IMACS). One nebular spectrum was obtained with the Very Large Telescope (VLT) equipped with the FOcal Reducer and low dispersion Spectrograph 2 (FORS2). Additionally, six nebular spectra were obtained by the ZTF collaboration with the Keck telescope using the Low Resolution Imaging Spectrograph (LRIS), and one with the MMT using the Binospec instrument. The nebular spectra span from +324 days until +771 days. A journal of spectroscopic observations is provided in Table 1.
Table 1. 
Log of spectral observations of SN 2021efd.

Spectroscopic data were reduced following standard procedures, including bias subtraction, flat-field correction, spectral extraction, wavelength correction, and flux calibration relative to sensitivity functions derived from observations of spectroscopic flux standard stars. We reduced the spectroscopic data using the ALFOSCGUI3 and ESO pipelines for the ALFOSC and FORS spectra, respectively. The IMACS spectrum was reduced with standard IRAF procedures. For the Binospec spectrum, the basic data processing (bias subtraction, flat fielding) is done using the Binospec pipeline (Kansky et al. 2019). The spectrum is reduced with IRAF, including cosmic-ray removal, wavelength calibration (using arc lamp frames taken immediately after the target observation), and relative flux calibration with archived spectroscopic standards observation. The LRIS spectra (Oke et al. 1995) were reduced with Lpipe (Perley 2019). The nebular phase spectra and the IMACS spectrum were also corrected for telluric features. In the case of the IMACS spectrum, residuals of the telluric feature remain.
We obtained the nebular spectrum of SN 2019tsf at +418 days under the same program and setup as the FORS2 spectrum of SN 2021efd, except with an order blocking filter. This phase was not covered by the previous studies of SN 2019tsf (Sollerman et al. 2020; Zenati et al. 2022). Spectroscopic data are available for download in electronic format on WISeREP (Weizmann Interactive Supernova Data Repository)4.
3. Photometric properties
3.1. Estimating the explosion date
We estimate the explosion date by fitting the early phases of the LC with a power-law curve of f0(t − t0)n. Here, t0 is the explosion date, f0 is a scaling coefficient in flux units, and n is the power-law index. The r-band data for this analysis were used because of the comprehensive coverage of the early phases. The epochs chosen for the fitting are from −11 to −5 days before the peak. We estimate the explosion date to be MJD ≈59273.7 ± 1.2. This is 15.5 ± 1.2 days prior to the observed r-band peak. The last nondetection prior to discovery, obtained on MJD 59269.27 with a ZTF r-band limiting magnitude of > 21.35, occurred ∼4.4 days before this estimated explosion date.
3.2. Light-curve evolution
The multiband LCs of SN 2021efd are displayed in Fig. 2. The peak absolute g- and r-band magnitudes are Mg = −16.77 ± 0.02 mag and Mr = −17.31 ± 0.01 mag, where the error is the photometric error. The absolute magnitudes here are corrected for MW extinction, but no K-correction was applied. The late-time (≳300 days) photometric data points from the ZTF and ATLAS surveys are near the detection limits of these surveys, which is reflected by their large uncertainties. After the first peak, the LCs show rapid declines, which slow down at ∼30 days from the LC peak, as well as a rebrightening starting from ∼60 days. The LCs of SN 2021efd exhibit at least three clear peaks at +0, +75, and +105 days; these are visible in Fig. 3, where the LCs of all bands are overlaid. The magnitudes in this figure are shifted to match the second peak of the LCs at 75 days. The durations of these bumps are roughly 30 days; the bump at ∼105 days is more luminous than the one at ∼75 days. The late phases of the LC of SN 2021efd appear to have more bumpy features at ∼325 days, ∼345 days, ∼390 days, and ∼400 days that can not be clearly distinguished due to a low cadence of observations and large uncertainties. The strengths and durations of the latter bumps after ∼300 days can not be constrained with certainty since there is a lack of detailed observations during the possible bump and around it.
	[image: thumbnail]	Fig. 2. Optical LCs of SN 2021efd corrected for MW extinction. The photometry obtained by POISE, ATLAS, and ZTF is plotted with triangles, squares, and circles, respectively. The unfilled triangles correspond to ZTF and ATLAS nondetections obtained prior to the first detections in each band.



	[image: thumbnail]	Fig. 3. Light curves of SN 2021efd with shifted magnitudes so that the second peaks match roughly. The shaded areas highlight the clear bumps at +0 days, ∼ + 75 days, and ∼ + 105 days. The dotted lines mark the possible later bumps at ∼ + 325 days, ∼ + 345 days, ∼ + 390 days, and ∼ + 400 days.



We compare the r-band LC of SN 2021efd to those of other well-observed SESNe including the Type IIb SN 1993J (Richmond et al. 1994), the Type Ib iPTF13bvn (Srivastav et al. 2014), and the Type Ic SN 2007gr (Hunter et al. 2009) in Fig. 4. All of the LCs were corrected for extinction, which were determined in their respective articles. The first peak is similar to those of other SESNe, which are powered by the energy input from 56Ni. The rise time of SN 2021efd in the r band to the peak is 15.5 days (see Sect. 3.1), which is intermediate between the typical values for Type Ib and Type Ic SNe, i.e., slightly shorter than those for Type Ib and longer than those for Type Ic SNe (see Fig. 10 of Taddia et al. 2015). The decline rate after the first peak (Δm15 ∼ 0.57 mag for SN 2021efd from the POISE LC) is similar to the comparison SNe (0.83, 0.98, and 0.61 mag for SN 1993J, iPTF13bvn, and SN 2007gr, respectively). After ∼30 days from the r-band peak, its decline becomes slower, as if it enters the tail phase. The difference between the magnitudes at the peak and the beginning of the tail phase is smaller (Δm30 ∼ 0.86 mag for SN 2021efd) than those for the other SNe (1.37, 1.58, and 1.41 mag for SN 1993J, iPTF13bvn, and SN 2007gr, respectively). This may imply that an additional powering mechanism starts to contribute to the LC evolution around this time, in addition to the radioactive decay power by 56Ni and 56Co (see Sect. 6).
	[image: thumbnail]	Fig. 4. Light curve of SN 2021efd compared to the LCs of other SESNe and templates of Type Ibn SNe from Hosseinzadeh et al. (2017). The comparison SNe include a regular Type Ib SN iPTF13bvn (Srivastav et al. 2014), a regular Type IIb SN 1993J (Richmond et al. 1994), a regular Type Ic SN 2007gr (Hunter et al. 2009), and a peculiar Type Ib SN 2019tsf (Masci et al. 2019).



The r-band LC of SN 2021efd at late times bears no resemblance to regular SESNe. Around 30 days after the r-band peak, the LC deviates from the linear decline, and at around 60 days, the LC begins brightening again with two additional peaks at ∼75 and 105 days. At the beginning of the tail phase during the period from 20 to 50 days, the decline rate is 1.49 mag per 100 days, which is roughly consistent with the 1.33 mag per 100 days expected from radioactive decay of both 56Ni and 56Co with full γ-ray trapping (Arnett 1980, 1982). The decline rate at the tail phase is 0.60 mag per 100 days during the period from 50 to 200 days from the r-band peak. This value is less than that expected from 56Co decay, 0.98 mag per 100 days in the case of the full γ-ray trapping (Arnett 1980, 1982). SN 2019tsf, which has been interpreted to be a Type Ib SN interacting with H-poor CSM (e.g., Sollerman et al. 2020; Zenati et al. 2022), has a similar bumpy LC. Its LC has a faster decay rate than that of SN 2021efd. SN 2010mb, which is a Type Ic SNe interacting with H/He-poor CSM (Ben-Ami et al. 2014), exhibits a slower decline and brightness excess at earlier epochs compared to SN 2021efd. The averaged R-band LC of Type Ibn SNe has a much higher peak luminosity and a significantly higher decline rate than those of regular SESNe and SN 2021efd.
3.3. Color evolution
The color evolution of SN 2021efd is presented in Fig. 5. We took all the ZTF photometry epochs that have both g- and r-band observations within one day and interpolated the magnitudes at these epochs. Using these interpolated magnitudes, we derive the g − r color of SN 2021efd. At late times, colors from ALFOSC, Swope, and Binospec are also included. Every individual (g − r) color is derived using g and r photometry from the same instrument. The photometric data were corrected for MW extinction but not for that of the host galaxy. The color evolution of SN 2021efd around the first peak is similar to that of SN 2006ep and SN 2007hn, respectively, a Type Ib and a Type Ic. During the rebrightenings, the color becomes bluer at a similar rate, although this is uncertain due to the noisy color evolution observed in SN 2021efd. At ∼100 days, the uncertainties in the photometry of SN 2021efd become large, and the observation epochs on different bands do not always coincide. Once SN 2021efd re-emerged from behind the Sun at ∼200 days, it had evolved to become much bluer. We note that, since the values of the magnitudes at late phases should be dominated by the strong spectral emission lines, the interpretation of the color evolution is not straightforward.
	[image: thumbnail]	Fig. 5. g − r color evolution. The black dots show the evolution of SN 2021efd. The circles, diamonds, and pentagons correspond to ZTF, ALFOSC, and Binospec data, respectively. The blue line represents the color evolution of the Type Ib SN 2006ep, and the red line represents the Type Ic 2007hn presented in Stritzinger et al. (2018)



3.4. Pseudo-bolometric light curve
We constructed a pseudo-bolometric LC of SN 2021efd by fitting its optical spectral energy distributions (SEDs) with single blackbody (BB) functions with both radius and temperature set as free parameters. The fitting was done using the linearly interpolated uBVcgroi data. We only used the epochs that had detections in three or more bands within 10 days (5 days before or after them). We determined the best fits using the χ2 goodness-of-fit test, and the errors represent the 1σ uncertainties. The results are displayed in Fig. 6. We note that, since the radiation at late phases does not exhibit a BB spectrum but is instead dominated by emission lines (see also Sect. 4), the inferred BB parameters at late phases should be considered reference values based on the assumption of BB radiation.
	[image: thumbnail]	Fig. 6. Results of the BB fitting. Top: bolometric LC of SN 2021efd (black) and bolometric luminosity of Type Ib SN 2004gv (blue) (Taddia et al. 2018) indicated by a dotted blue line. Middle: BB temperature of the photosphere. Bottom: BB radius of the photosphere. The errors are the 1σ uncertainties of the χ2-fitting. Since the cadence after 115 days is poor, these observations were plotted separately.



The pseudo-bolometric LC to first order follows the evolution of the LC in the single bands, also displaying multiple bumps and an overall slow decline. The peak luminosity during the first peak is ∼2.8 × 1042 erg. The total radiated energy derived from the pseudo-bolometric LC until ∼710 days is ∼4.9 × 1049 erg. The total generated energy from the decay of 56Ni and 56Co is 1.89 × 1050 × MNi/M⊙ erg (Arnett 1980, 1982) and MNi for SESNe ranges from ∼0.01 to 0.3 M⊙ (e.g., Taddia et al. 2018; Afsariardchi et al. 2021), thus the typical energy released in radioactive decay is ∼1048 − 1049 erg. Due to incomplete γ-ray trapping, not all of the released energy contributes to the observed luminosity.
The BB temperature evolution shows cooling until phase 25 days. The sudden drop in temperature happened at the time of the last observations with the Swope telescope (27 days), which is probably caused by the end of the coverage on the uBV bands. After this, the temperature appears to be roughly constant. Later, at ≳300 days from the r-band peak, SN 2021efd shows an increase in temperature, although at later epochs the error on the temperature is large. During the photospheric phase, the SN is well described by a BB function, but as the SN ejecta expands, the SN becomes emission-line dominated. At later epochs, this increases the BB fit uncertainties, especially in the calculated temperature, which is sensitive to the relative brightness in different bands. In addition to this, the cadence of the observations drops after ∼115 days. The BB fit at later phases ≳100 days may not reflect the actual physical characteristics of the SN, and the derived values are indicative.
The BB radius increases to ∼2 × 1015 cm toward the LC peak and remains roughly constant for ∼70 days. It slightly decreases to ∼1.5 × 1015 cm as the BB temperature increases at ∼80 days after the r-band peak. After the gap in observations, the radius is relatively stable at ∼2 × 1014 cm. From the initial rise of the BB-radius, we can roughly estimate a photospheric velocity of ∼6000 km s−1 measured from −12 days until −5 days.
4. Spectroscopic properties
4.1. Spectroscopic evolution
The early-phase spectra of SN 2021efd are displayed in Fig. 7. They were taken before the rebrightening, which begins at around 60 days. These spectra are typical of the early and near-maximum phases of Type Ib SNe with He I, Fe II, and Ca II lines being present. A weak Si II is also present, and a O I line starts forming at 7774 Å after the brightness peak. The narrow Hα-[N II] lines in the spectra likely originate from the host galaxy.
	[image: thumbnail]	Fig. 7. Early-time spectra of SN 2021efd. The flux scale is arbitrary. The telluric features are marked with gray lines. The locations of some typical lines at zero velocities are indicated.



The nebular spectra of SN 2021efd, displayed in Fig. 8, are dominated by emission lines, as is typical for SESNe. The [O I] doublet at ∼6300 Å, the O I line at 7774 Å, the [Ca II] doublet at ∼7200 Å, and the Ca II NIR triplet at ∼8500 Å are the most prominent features. Additionally, He lines are present at 4921 Å and 5876 Å. These coincide in wavelength with an Fe II and a Na I line, respectively, but as there are other prominent He I lines present, we consider the He I identification as more likely. The blue part is dominated by Fe II complex lines. At 4571 Å there is also a superposition of Mg I] and [Fe II]. In the nebular spectrum, prominent lines (e.g., O I, Ca II) have both broad and narrow (∼1000 km s−1) components, which is observed in other interacting SESNe as well (e.g., SN 2022xxf, Kuncarayakti et al. 2023). The time evolution of the lines in the nebular spectra is displayed in Fig. 9. Except for some small variation, the nebular lines remain mostly unchanged.
	[image: thumbnail]	Fig. 8. Nebular phase spectra of SN 2021efd. The spectra are corrected for telluric features. The locations of some typical lines are indicated in the figure, even when they are not present.



	[image: thumbnail]	Fig. 9. Line profiles of the nebular spectra. Some epochs are excluded for clarity. The rest wavelength of what appears to be the strongest line is displayed as the zero point of velocity.



4.2. Comparison of the spectra
The early-phase spectra of SN 2021efd are compared in Fig. 10 with those of the Type Ib iPTF13bvn (Cao et al. 2013), the Type IIb SN 1993J (Barbon et al. 1995), the Type Ic SN 2007gr (Valenti et al. 2008), the peculiar Type Ib SN 2019tsf (Sollerman et al. 2020), as well as with the Type Ibn SNe iPTF14aki (Hosseinzadeh et al. 2017) and 2010al (Pastorello et al. 2015). At early phases, SN 2021efd is similar to the typical Type Ib SNe. All the lines present in SN 2021efd are also present in iPTF13bvn. The other SESNe differ notably by their lack of helium in the case of SN 2007gr, or by the presence of hydrogen in SN 1993J. SN 1993J also has weaker Fe II lines in the blue part of the spectrum and a weaker Ca II NIR triplet absorption feature. Observationally SN 2021efd has no resemblance to Type Ibn SNe. The spectra of Type Ibn SNe are mostly continuum-dominated, with iPTF14aki showing a greater number of narrow lines in its spectra. The spectral features of SN 2019tsf are similar to those of SN 2021efd and iPTF13bvn, which is noteworthy as its LC decline rate at this epoch already suggests a contribution from another powering mechanism in addition to radioactive decay.
	[image: thumbnail]	Fig. 10. Photospheric phase spectra of SN 2021efd and multiple other SESNe. Flux normalization was done by dividing the flux at every wavelength by the peak flux between 4200 and 5000 Å. The locations of some typical lines are indicated.



The nebular-phase spectrum of SN 2021efd is compared in Fig. 11 to similar phase spectra of the comparison sample. These include SN 1993J (Jerkstrand et al. 2014), the Type Ib SN 2012au (Milisavljevic et al. 2013), SN 2007gr (Shivvers et al. 2019), SN 2019tsf and the interacting Type Ic SN 2010mb (Ben-Ami et al. 2014). The spectrum of SN 2021efd exhibits a narrow O Iλ7774 line similar to the one observed in SN 2019tsf. It can also be seen that the Ca II NIR triplet is much stronger in SN 2021efd than in the regular SESNe. Similar to SN 2019tsf, SN 2021efd has an excess of continuum flux around the iron complex (∼4000 − 5500 Å). This may suggest a similar powering mechanism of H-free CSI. Despite the lack of narrow lines in the spectrum of SN 2019tsf, they can not be ruled out due to the noisiness of the spectra. SN 2010mb also exhibits a blue excess and strong Ca II NIR lines.
	[image: thumbnail]	Fig. 11. Nebular phase spectra of SN 2021efd and several other SESNe. Flux normalization was done by dividing the flux at every wavelength with the peak flux of the [O I] line at ∼6300 Å.



4.3. Velocity evolution
We calculate the velocity of the Fe IIλ5169 line and the He Iλ5876 line from their absorption minima by fitting the absorption features with a Gaussian function. The He I 5876 Å feature might have a contribution from Na Iλλ5890, 5896. In Fig. 12, we compare the spectral line evolution of these features along with those measured from the SESN sample published by the Carnegie Supernova Project (Stritzinger et al. 2023; Holmbo et al. 2023). The ejecta velocity of SN 2021efd inferred from both the He I and Fe II lines in the spectra at the early epochs is in the range of what is typical for SESNe (Fig. 12). While the He I velocity is around the higher end for an SESN, the Fe II velocity is at the lower end, though both velocities are still within the distributions. The velocity inferred from the early-time evolution of the BB radius (∼6000 km s−1; see Sect. 3) is roughly in line with the Fe II velocity measured from the spectra (∼8000 km s−1 around the brightness peak).
	[image: thumbnail]	Fig. 12. Top: He Iλ5876 velocity of SN 2021efd. Bottom: Fe IIλ5169 velocity of SN 2021efd. The templates are the rolling mean of SESNe as presented by Holmbo et al. (2023); H23. The λ5876 feature they measured for Type Ic SNe is expected to be composed of Na Iλλ5890,5896 doublet, and little to no He Iλ5876.



4.4. [O I]/[Ca II] line ratio
We measured the fluxes of the [O I] λλ6300, 6364 and the [Ca II] λλ7292, 7324 doublets. We determine a continuum level and then subtract the nearby Fe II and N II lines by assuming a symmetric profile, as done in Fang et al. 2022. The [O I] to [Ca II] ratio of SN 2021efd is 1.3–1.4 during the epochs from 324 days to 473 days. At 641 days and at 771 days, the ratio is 1.7. The measurement of the [O I] to [Ca II] ratio might be affected by uncertainties from the nearby lines, in particular their possible asymmetry due to the assumption of the symmetric profiles of Fe II and N II. It has been found that Type IIb and Type Ib SNe have similar [O I]/[Ca II] flux ratios, while Type Ic SNe typically have higher values, although overlapping with SNe IIb/Ib (Fang et al. 2022). Compared to the values reported in Fig. 3 of Fang et al. (2019), SN 2021efd sits in the overlapping region of SESNe.
5. Supernova ejecta properties
We estimate the ejecta properties of SN 2021efd, such as the mass, kinetic energy, and 56Ni mass of the ejecta, under the assumption that the CSM interaction has a minimal contribution to the SN brightness before and around the first LC peak. This assumption is supported by the fact that the early-phase photometric and spectroscopic properties of SN 2021efd are similar to those of the other noninteracting, SESNe.
For the estimation of the mass and kinetic energy of the ejecta, we use the following equations in the one-zone analytic model for the LCs from the homologously expanding gas with radiative diffusion (Arnett 1982, 1996),
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where β is an integration constant equal to 13.8, κ is the opacity of the ejecta gas, vph is the ejecta velocity, and tmax is the rise time of the LC. Here, κ is assumed to be 0.1 cm2 g−1, which is typical for ionized H-poor gas, although it can vary depending on the chemical composition of the gas. We assume the ejecta velocity to be 8300 km s−1, which is the velocity inferred from the Fe IIλ5169 line around the LC peak, and the rise time to be 18.5 days, which is the value estimated from the pseudo-bolometric LC. We find the ejecta mass to be 2.2 ± 0.3 M⊙ and the kinetic energy of the ejecta to be 9.1 ± 1.2 × 1050 erg, where the uncertainty is due to the error of the rise time.
We estimate the 56Ni mass from its relation with the peak luminosity (Arnett 1980, 1982),
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This gives an estimate of 0.14 ± 0.01 M⊙, where the error is calculated using the limits from the bolometric luminosity fit. This method is known to overestimate the 56Ni mass by a factor of ∼2 (Afsariardchi et al. 2021). In addition, since the peak luminosity of SN 2021efd might be enhanced by the contribution of potential interaction with CSM, the actual 56Ni mass can be smaller than this estimated value. The total energy released by the radioactive decay of this amount of 56Ni is (2.6 ± 0.2)×1049 erg, which is smaller than the total energy radiated by SN 2021efd (4.9 × 1049 erg) until 710 days, as measured by integrating the entire pseudo-bolometric LC.
We compare these derived values of the ejecta mass, kinetic energy, and 56Ni mass for SN 2021efd to those of other SESNe. Taddia et al. (2018), who followed a similar approach in their work, found the average values for Type Ib SNe to be Mej = 3.9 ± 2.7 M⊙, Ek = 1.6 ± 1.0 × 1051 erg, and MNi = 0.10 ± 0.05 M⊙ respectively. For Type Ic, they estimated Mej = 2.5 ± 1.2 M⊙, Ek = 1.2 ± 0.8 × 1051 erg, and MNi = 0.14 ± 0.04 M⊙. The errors here are the standard deviations of the sample. The values that we derived for SN 2021efd (Mej = 2.2 ± 0.3 M⊙, Ek = 0.91 ± 0.12 × 1051 erg, and MNi = 0.14 ± 0.01 M⊙) are consistent with these average values for Type Ib and Type Ic SNe within the standard deviation. While SN 2021efd has slightly lower ejecta mass and kinetic energy than the average values, its 56Ni mass is slightly higher than the average value for Type Ib SNe and similar to the average value for Type Ic SNe.
6. Origin of the late-time excess and the CSM properties
In this section, we discuss the origin of the late-time excess in the brightness of SN 2021efd and derive its CSM properties with LC modeling. Several possible scenarios for the late-phase rebrightening in SESNe (e.g., Moore et al. 2023; Kuncarayakti et al. 2023; Chen et al. 2024; Kangas et al. 2024) have been proposed. These include: delayed CSM interaction (e.g., Chevalier & Fransson 2006), delayed activity of a newly formed magnetar (e.g., Kasen & Bildsten 2010), or delayed accretion onto a newly formed compact object (e.g., Dexter & Kasen 2013). In the case of SN 2021efd, the LC shows clear bumps at ∼75 and ∼100 days from the explosion, and possibly at 325, 345, 390, and 400 days as well. With either the magnetar or fall-back accretion scenarios, it is difficult to explain not only the delayed onsets of the rebrightenings but also the multiple onsets (e.g., Kasen & Bildsten 2010; Dexter & Kasen 2013). The multiple bumps in the LC favor the CSM interaction scenario, where the bumps are created by interactions with multiple shell-like or clumpy CSM. At the same time, since its early-time photometric and spectroscopic properties are similar to those of prototypical Type Ib SNe (see Sects. 3 and 4), it might be natural to consider the cause of the rebrightenings as not the difference of the SN ejecta or progenitors (e.g., as in the magnetar or fall-back accretion scenarios) but the difference of some external factor (e.g., as in the CSM interaction scenario). Furthermore, the features in the late-time spectrum (i.e., the spectra from phase 315 days onward; see Fig. 8) support the CSM interaction scenario. The narrow emission lines with velocities of ∼1000 km s−1 point to slower-moving material than the bulk SN ejecta, consistent with the CSM interaction scenario. A similar velocity scale was observed in post-maximum near-infrared spectra of Type Ic SN 2016adj, which also showed signatures of interaction with H-rich gas (Stritzinger et al. 2024). The so-called Fe bump near ∼5200 Å, likely created by highly ionized and/or excited Fe lines, is frequently seen in interacting SNe of various types, including Type IIn, Ia-CSM, interacting Ibc, Ibn, and Icn (e.g., Sharma et al. 2023; Kuncarayakti et al. 2018b; Pastorello et al. 2008; Pellegrino et al. 2022). Therefore, we conclude that the late-time LC bumps in SN 2021efd are due to interaction with multiple-shell, multiple-ring, or clumpy CSM.
6.1. Light-curve model
In order to derive the properties of the CSM in SN 2021efd, we analyzed the bolometric LC using the luminosity model presented in Moriya et al. (2013b). The strong interaction between the SN ejecta and CSM creates a shock shell, in which the kinetic energy of some parts of the ejecta is transformed into radiation energy. For calculating the radiation from the CSM interaction, we assess the evolution of the shock shell. We assume that the parameters within the shock shell are uniform, and the width of the shock shell is negligible in comparison to its extent. As in Moriya et al. (2013b), we derive the time evolution of the location (rsh) and velocity (vsh) of the interaction shock shell using its equation of motion,
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where ρ and v are density and velocity, respectively, and the subscripts of ej, sh, and csm correspond to the ejecta, shock shell, and CSM, respectively. Msh is the total mass of the shock shell, i.e., the shocked CSM and ejecta. We assume that the CSM velocity is constant, and that the ejecta is homologously expanding: [image: equation]. We use the density profiles of the ejecta that are estimated based on numerical simulations (Matzner & McKee 1999), that is, the double power-law distribution of Moriya et al. (2013b),
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where δ and n are the outer and inner density slopes, respectively. Mej and Eej are the mass and energy of the ejecta, respectively, and vt is the velocity at the border of the power laws,
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For the mass and energy of the ejecta, we adopt the values estimated in Sect. 5: Mej = 2.2 ± 0.3 M⊙ and Eej = 9.1 ± 1.2 × 1050 erg. We adopt the values n = 10 and δ = 1 (e.g., Matzner & McKee 1999; Kasen 2010; Moriya et al. 2013b).
We assume the rate of the mass loss from the progenitor system (Ṁ) is constant in time, and thus the density of the CSM at distance r is written as
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Here, we define D as Ṁ/(4π vcsm). Since we do not know the mechanism of the mass loss, the expansion velocity of the CSM (vcsm) is unclear. We estimate the CSM velocity to be ∼100 − 1000 km s−1 (see Sect. 7.2). Here, we simply use the minimum value of vcsm = 100 km s−1, which produces the minimum value of the necessary mass-loss rate, as a fiducial value, and also discuss the case with the maximum value of vcsm = 1000 km s−1.
By numerically solving the equation of motion with the ejecta and CSM parameters assumed above, we calculate the distance and velocity of the shock shell as a function of time. We assume the optically thin limit, where a fraction of the generated energy ([image: equation]) immediately escapes from the shocked shell as optical radiation, and calculate the optical luminosity as follows (Moriya et al. 2013b):
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The value ϵ is the conversion efficiency from the kinetic energy of the SN ejecta into the optical radiation due to the CSM interaction. We assume the value of ϵ to be 0.1 (Moriya et al. 2013a).
6.2. Comparison with the observation
The bolometric LC of SN 2021efd is compared to the calculated interaction luminosity in Fig. 13. The radioactive-decay component is subtracted using the analytical formula presented in Arnett (1980, 1982) and assuming the 56Ni mass to be 0.14 M⊙. Since this formula assumes full γ-ray trapping, the later parts of this radioactive-decay LC are likely overestimated. The actual interaction component is thus expected to be somewhere between the LC without the radioactive component and the original bolometric LC. After ∼60 days from the explosion onward, the interaction luminosity is increasing. This could be due to an increase in the corresponding mass-loss rate for the encountered CSM, suggesting the presence of an inner cavity in the CSM distribution. The early parts (at least from ∼80 to ∼120 days) can be roughly explained by the LC models with ∼5 × 10−3 − ∼10−2 M⊙ yr−1. The later parts (at least after ∼340 days) are significantly lower than these levels, which suggests that the mass-loss rate of the progenitor of SN 2021efd is not constant, but grows with time toward the explosion.
	[image: thumbnail]	Fig. 13. Comparison of the bolometric LC of SN 2021efd with the models. The colored lines are the calculated luminosities from interaction based on the model. The black line is the bolometric luminosity of SN 2021efd with the radioactive decay component subtracted. The dashed line is the observed bolometric LC, and the dotted line is the radioactive decay component calculated from peak luminosity.



Here, we note a caveat on the estimated mass-loss rate. The CSM velocity is directly proportional to the mass-loss rate, as can be seen from Eq. 4. CSM velocities of 1000–2000 km s−1 have been found for Type Ibn SNe, and have been suggested for WR stars (e.g., Hosseinzadeh et al. 2017; Crowther 2007). A velocity of 1000 km s−1 would increase the estimated mass-loss rate by an order of magnitude, to 10−1 M⊙ yr−1. Since we cannot estimate the precise CSM velocity in the case of SN 2021efd, the estimated mass-loss rate is a lower limit. The uncertainty of the value of the efficiency ϵ, which is directly proportional to the luminosity, does not largely affect the estimated value. In fact, even a change of the assumed ϵ value by a factor of two, i.e., ϵ = 0.05 − 0.2, does not change the order of magnitude of the estimate, as this is equivalent to adding or subtracting log10(L) by log10(2) = 0.3 (see Fig. 13).
Figure 14 displays the accumulated mass of the shock shell over time. From this figure, we can see that the masses for the good-fit models already reach a few times 10−1 M⊙ at ∼120 days. This is the lowest limit of the actual total CSM mass, as in the observed LCs we can see excessive flux until at least ∼770 days and possibly later as well (see Fig. 2).
	[image: thumbnail]	Fig. 14. Mass of the shock shell accumulated from the CSM at each epoch according to the values used in the calculated interaction luminosity. Effectively, this tells us the CSM mass up to a certain distance from the progenitor star.



6.3. Geometry of the CSM
Here we discuss the geometry of the CSM, which is directly related to the mass-loss mechanism. We have concluded that the late-time rebrightenings in SN 2021efd are due to interaction with CSM with a multiple-shell/ring-like or clumpy structure. The LC modeling demonstrates that mass loss with an average rate of Ṁ ∼ 10−2 M⊙ yr−1 can explain the overall luminosity of the bolometric LC. Here, the best-fit model predicts the velocity of the interaction shock as ∼6000 km s−1, while the narrow allowed lines in the nebular spectra (OI, Ca II, Mg II, and He I; see Fig. 9), which should originate from the gas in the shock shell, and not from the unshocked ejecta, indicate that some interaction regions of the SN ejecta were decelerated to ∼1000 km s−1. This discrepancy suggests that the actual CSM must be confined to smaller regions and thus denser than the spherical CSM assumed in the LC modeling. At the same time, the coexistence of the narrow and broad components of the ejecta emission lines in the nebular spectra of SN 2021efd further supports a clumpy distribution for the CSM rather than a distribution with multiple rings of different sizes on a single orbital plane. This spectral feature requires multiple emitting regions at different locations of the ejecta, while, in the multiple-ring scenario, the interaction – and thus the energy input – occurs at a specific radius at a given time. A schematic representation of the inferred CSM geometry is shown in Fig. 15.
	[image: thumbnail]	Fig. 15. Schematic of the preferred model in the nebular phase. Arrows are used to mark characteristic regions for the narrow and broad components, respectively. The light blue coloring approximately corresponds to the shock regions.



7. Discussion
7.1. Progenitor system of SN 2021efd
In this subsection, we discuss the potential progenitor of SN 2021efd. As shown in Sect. 5, the estimated ejecta properties of SN 2021efd (the velocity, mass, kinetic energy, and Ni mass) are within the diversity of typical Type Ib and Ic SNe. This might suggest that the progenitor star of SN 2021efd is similar to those of typical Type Ib and Ic SNe, whose ZAMS masses are likely ≲20 M⊙ (e.g., Bersten et al. 2014; Yoon et al. 2017; Dessart et al. 2024).
Another hint for estimating the properties of the progenitor is the [O I]/[Ca II] ratio in the nebular spectra, which is often used as a measure of the ZAMS core masses of the SN progenitors. We compare the [O I] to [Ca II] ratios of SN 2021efd, which are estimated to be ∼1.3 from the spectra between phases from 324 days to 476 days and ∼1.7 from the spectra at 641 days and 771 days (see Sect. 4.4), to those from the simulated spectra of SESNe in Dessart et al. (2023). These spectra are calculated with different initial conditions, including the mass of the He star. We measure the [O I] to [Ca II] ratios of these synthesised spectra as for the nebular spectrum of SN 2021efd. The results are plotted in Fig. 16. The [O I] to [Ca II] ratio of SN 2021efd is closest to that for the model with He star mass of 7 M⊙, which corresponds to a ZAMS mass of ∼25 M⊙ (Dessart et al. 2023; Woosley 2019; Ertl et al. 2020). Here, we note that in SN 2021efd, the dominant energy input at late phases is not the 56Co decay in the inner ejecta, but rather the CSM interaction in the outer ejecta, which might affect the [O I]/[Ca II] ratio. Therefore, this progenitor mass measurement should be considered as a reference. Although this estimate is not necessarily correct, the estimated ZAMS mass of ∼25 M⊙ for SN 2021efd is roughly comparable to those for typical Type Ib and Ic SNe. The progenitors of Type Ic SNe are typically expected to have slightly greater ZAMS masses than those of Type Ib SNe. Depending on metallicity, a ZAMS mass of ∼25 M⊙ is compatible with progenitors of both Type Ib and Type Ic SNe based on, for example, theoretical predictions from stellar evolution models (Georgy et al. 2009), and population studies of SN environments (Kuncarayakti et al. 2018a).
	[image: thumbnail]	Fig. 16. [[O I]/[Ca II] ratio of models with different He star masses measured from synthetic spectra presented by Dessart et al. (2023). The different lines correspond to different He star masses of the models. The black dots are the values measured from the nebular spectra of SN 2021efd (see Sect. 4.4).



7.2. Mass-loss properties
The CSM properties inferred in Sect. 6 suggest that the final mass-loss processes of the progenitor of SN 2021efd before the explosion were accompanied by episodic mass ejections with mass-loss rates of Ṁ ≲ 10−2 M⊙ yr−1. The velocity of the CSM is uncertain. Theoretically, different mechanisms would predict different CSM velocities. The minimum value of ∼100 km s−1 might be achieved in cases where the mass loss happens at a large distance from the progenitor star, such as the mass loss via the Roche-lobe overflow in a binary system, while the maximum value of ∼2000 km s−1 can be realized in cases such as mass ejections from the surface of H poor massive stars (e.g., Crowther 2007). Here, we have an observational hint for the velocity from the nebular spectra. As discussed in Sect. 6.3, the narrow lines from allowed transitions in the nebular spectra (O I, Ca II, Mg II, and S II), which have widths of ∼1000 km s−1, should originate from the gas in the shock shell. This indicates that some interaction regions should be decelerated to ∼1000 km s−1, and thus that the CSM velocity should be lower than this velocity. Therefore, we adopt 100 and 1000 km s−1 as the minimum and maximum values of the mass-loss velocity, respectively. In the following discussions, we use the minimum value of vcsm = 100 km s−1, which produces the minimum value of the necessary mass-loss rate, as a fiducial value, and also discuss the case with the maximum value assuming vcsm = 1000 km s−1.
The timescale of the mass ejections is estimated from the distances of the CSM clumps to the progenitor star. For simplicity, a characteristic velocity of 10 000 km s−1 is adopted for the outer ejecta. Since the peaks of the first and second rebrightenings are at ∼90 and ∼120 days after the explosion, respectively, we can estimate the distances of the CSM clumps that are responsible for these rebrightenings to be 8 × 1015 and 1 × 1016 cm. Such CSM clumps would have been ejected at ∼25 and ∼32 years before the SN explosion, assuming the CSM velocity of 100 km s−1. If the CSM velocity is 1000 km s−1, these values would instead be ∼2.5 and ∼3.2 years before the explosion. The duration of ∼30 days for these rebrightenings corresponds to the time duration of the mass ejections to be ∼0.8 − 8 years, depending on the assumed CSM velocity. The first and second rebrightenings correspond to mass-loss rates of approximately ∼5 × 10−3 − ∼10−2 M⊙ yr−1 with durations of about 8 years, assuming a CSM velocity of 100 km s−1. In contrast, for a CSM velocity of 1000 km s−1, the corresponding mass-loss rates are higher by a factor of ten, while the durations are shorter by a factor of ten. Regardless of the assumed CSM velocity, the masses of these CSM clumps were therefore estimated to be about 0.04 − 0.2 M⊙. The CSM interaction continues at least until ∼770 days after the explosion, which is the epoch of the last photometric detection. Thus, the extensive mass loss would have lasted at least from ∼220 to ∼12 years before the explosion with the assumption of vcsm = 100 km s−1 (from ∼22 to ∼1.2 years with the assumption of vcsm = 1000 km s−1). It is likely that this extensive mass loss would have been ongoing even before this period, simply because our last photometric observation does not suggest a decline. It might also be possible that there were minor mass ejections even after this period until the explosion, whose signs would have been hidden by the SN component of SN 2021efd.
7.3. Mass-loss mechanism
In this subsection, we discuss possible mass-loss mechanisms to create the CSM estimated for SN 2021efd based on its derived properties. Combining constraints on the progenitor and CSM properties, the progenitor of SN 2021efd was likely a He star, similar to those of typical Type Ib SNe, originating from stars with ZAMS masses of ≲25 M⊙ (e.g., Yoon et al. 2017; Dessart et al. 2024). In addition, the progenitor system should have a mass loss rate of 10−2 M⊙ yr−1 at least from ∼130 to ∼25 years before the explosion with the assumption of vcsm = 100 km s−1 (0.1 M⊙ yr−1 from ∼13 to ∼2.5 years with the assumption of vcsm = 1000 km s−1), which is much larger than the typical mass loss from massive stars including He stars (e.g., Smith 2014). This implies some extensive unknown type of mass ejections in a similar He star to the progenitors of typical Type Ib SNe, which we have rarely observed. If this extensive mass loss had lasted for a few thousands of years before the explosion in the scenario with vcsm = 100 km s−1 (a few hundred years for the scenario with vcsm = 1000 km s−1), the progenitor star would have become a carbon-oxygen-rich massive star, which would have exploded as a Type Ic SN. Given that the properties of SN 2021efd are similar to those of typical Type Ib and Type Ic SNe, the progenitor of SN 2021efd might have been a He star that was indeed on the way to becoming a potential progenitor of a Type Ic SN, but ended up as a Type Ib SN because of the timing of the explosion or late initiation of the mass loss. Thus, it is important to study the mass-loss mechanism in objects like SN 2021efd for a better understanding of the He-layer stripping in the progenitors of Type Ic SNe.
The first thing that we can say about the mass-loss mechanism is that the CSM appears to originate from the progenitor star. Since the CSM should be H-poor gas, it is natural to consider that the CSM gas should originate from the He star progenitor rather than from the potential companion star. If we consider the companion star as the origin of the CSM, it should be an H-poor star. In this case, since the main mechanism for the H-layer stripping is likely due to binary interaction (e.g., Yoon et al. 2017), the original H-rich gas of the companion star should transfer into the primary star, and the primary star should become a H-rich star. This is contradicted by the fact that the primary star exploded as a Type Ib SN, however. Thus, the H-poor CSM should originate from the He star progenitor that exploded as the Type Ib SN 2021efd.
One possible mechanism to remove the outer parts of the progenitor might be binary interaction, where the primary He star fills the Roche potential and transfers its gas into the companion star (e.g., Podsiadlowski et al. 1992; Yoon et al. 2010). The expected properties of the CSM in the binary interaction scenario do not match those inferred for SN 2021efd, however. The expected mass-loss rate in the binary scenario (≲10−4 M⊙ yr−1; Ercolino et al. 2025) is much smaller than that estimated for SN 2021efd (≳10−2 M⊙ yr−1; see Sect. 6). In addition, it is difficult to create not only episodic mass ejections with a period of ≲10 years (e.g., Ouchi & Maeda 2017) but also clumpy mass ejections accompanied by the CSM clumps (e.g., Vetter et al. 2024). The He layer stripping is therefore probably due to some mass ejections caused by the He star itself.
The mass ejections might be triggered by some instability related to the last burning phases in the massive-star evolution, which might be similar to the phenomenon that causes the confined CSM observed in Type II SNe (e.g., Khazov et al. 2016; Yaron et al. 2017; Boian & Groh 2020; Bruch et al. 2021). For this scenario, the rarity of the SN 2021efd-like events, that is, Type Ib SNe interacting with massive clumpy CSM (so far SNe 2019tsf and 2021efd), might be problematic. In addition, the CSM mass estimated for SN 2021efd is close to the upper end of those of the confined CSM of Type II SNe (≲1 M⊙; e.g., Förster et al. 2018), and its extension is larger than the confined CSM (≲1015 cm; e.g., Yaron et al. 2017), although it is more difficult to remove the mass from a H-poor star than the H-rich progenitors of Type II SNe. It might be natural to interpret that the progenitor of SN 2021efd was in an unstable state caused by another reason.
SN 2021efd might be related to other types of SNe. If the active mass-loss episode observed in SN 2021efd had occurred much earlier, the SN could have appeared as a regular Type Ib SN or Type Ic SN, depending on how much He remained at the surface. Conversely, if the mass-loss episode had started slightly earlier and lasted longer until the explosion, the SN might appear as a Type Ic SN interacting with H-poor CSM. In fact, some Type Ic SNe interacting with massive H-poor CSM show similar observational properties (e.g., SN 2010mb; Ben-Ami et al. 2014, SN 2021ocs; Kuncarayakti et al. 2022, SN 2022xxf; Kuncarayakti et al. 2023). These transients might be related to each other. The clumpy distribution and high mass-loss rate of the CSM in SN 2021efd resemble the giant eruptions of luminous blue variables (LBVs), although they are considered to be H-rich stars (e.g., Smith et al. 2011b). The mass-loss mechanism in SN 2021efd might be related to that for LBVs, although it is also under debate (e.g., Smith et al. 2011b).
Another speculative origin might be a merged He-rich star that has a peculiar ratio between the core and the envelope, creating an unstable state. Depending on the parameters of the original merging stars and the timing of the merger to the explosion, such merged stars might explode as Type IIL or Type IIn SNe (explosions of LBVs), normal Type Ib or Type Ic SNe, SN 2021efd-like events, or Type Ic-CSM SNe.
SN 2019tsf has a lot of similarities with SN 2021efd. When it appeared from solar conjunction, it had a similar r-band absolute magnitude to SN 2021efd at peak. Unlike SN 2021efd, it does not show a decay rate similar to regular SESNe at first, which may mean that it is already at a later epoch, or that the CSM was in closer proximity to the progenitor. In the multiband LC presented in Fig. 2 of Zenati et al. (2022), it has at least two additional bumps after the first detection, which was already after the first peak. The spectrum at the nebular phase is similar and shows the excess at the blue end like SN 2021efd, but no narrow lines are present in SN 2019tsf. Overall, we consider that SN 2019tsf might come from a similar progenitor system as SN 2021efd. One potential avenue to understanding the mass-loss histories of systems like these might be radio and X-ray observations.
8. Conclusion
We have performed an in-depth analysis of the peculiar Type Ib SN 2021efd. The photometric and spectroscopic properties of this object are typical of a Type Ib SN until ∼30 days after the epoch of maximum light. After this epoch, the LC of SN 2021efd began to show a higher luminosity until the end of the LC at ∼770 days, with at least two clear peaks at ∼75 and ∼105 days from maximum light. The early spectra of SN 2021efd are not significantly different from those of typical Type Ib SNe. The velocities of Fe IIλ5169 and He Iλ5876 in the early-phase spectra are consistent with those seen in other SESNe. The spectra of the nebular phase (≳300 days), however, contain features that are common in interacting SNe. There is an excess in the blue continuum, and almost all of the lines in the nebular spectra have a narrow and a broad component. The narrow components are ∼1000 km s−1 wide and probably originate from the shocked regions (allowed lines) and the SN ejecta around the shocked regions (forbidden lines). No signatures of hydrogen are detected at any epoch. The observational features of SN 2021efd resemble those of SN 2019tsf, suggesting comparable progenitor systems.
The derived ejecta and CSM properties are as follows: SN 2021efd has an ejecta mass of Mej = 2.2 ± 0.3 M⊙, a kinetic energy of Ek = (0.91 ± 0.12)×1051 erg, and a 56Ni mass of MNi = 0.14 ± 0.01 M⊙. The estimated progenitor mass of SN 2021efd from the [O I]/[Ca II] ratio is ∼25 M⊙, although this value is uncertain because we omitted the effects of CSI on the ratio. As for the CSM features, the estimated mass-loss rate of the progenitor is roughly ∼5 × 10−3 − 10−2 M⊙ yr−1 for the last few decades (∼8 − 32 years, depending on the assumed CSM velocity) and slightly lower before this final phase. The minimum CSM mass estimated by the photometric observations is a few times 10−1 M⊙. The observational properties suggest a clumpy CSM distribution.
The derived CSM properties contain important information on the He-layer stripping mechanism of Type Ic SNe progenitors. If this extensive mass loss had continued for a longer time than the actual case before the explosion, the progenitor of SN 2021efd could have lost more helium and become a carbon-oxygen-rich star that exploded as a Type Ic SN. The ejecta properties of SN 2021efd are similar to those of both Type Ib and Ic SNe, and its progenitor was therefore likely a He star in transition toward becoming a Type Ic SN. The study of this mass-loss process using our derived CSM properties provides insight into how He-layers are stripped in progenitors of Type Ic SNe.

[bookmark: S25]Data availability
The photometric data presented in Fig. 2, all the spectra of SN 2021efd, the nebular phase spectrum of SN 2019tsf, and the result of the bolometric fit presented in Fig. 6 are available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/706/A183. All spectra of SN 2021efd and the previously unpublished nebular spectrum of SN 2019tsf will also be available at WISeREP.
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      Fig. 1. 

      
        [image: thumbnail]
      

      
        Acquisition image of SN 2021efd and its host galaxy, taken with the NOT using ALFOSC without a filter on 4 April 2021 UT (MJD 59318.94). The red markers in the zoomed-in image mark the location of SN 2021efd in the host galaxy.

      

    

  
    
      Table 1. 

      Log of spectral observations of SN 2021efd.

      
        


	Phasea (days)
	Date (UT)b
	MJDb
	Telescope
	Instrument
	Grism
	Range (Å)
	Resolving power





	−12
	04 Mar. 2021
	59277.15
	NOT
	ALFOSC
	Gr#4
	3200-9600
	360



	−8
	08 Mar. 2021
	59281.23
	Baade
	IMACS
	Gri-300-17.5
	3900-8000
	1240



	−1
	15 Mar. 2021
	59288.10
	NOT
	ALFOSC
	Gr#4
	3200-9600
	360



	+17
	02 Apr. 2021
	59306.94
	NOT
	ALFOSC
	Gr#4
	3200-9600
	360



	+29
	14 Apr. 2021
	59318.94
	NOT
	ALFOSC
	Gr#4
	3200-9600
	360



	+315
	03 Feb. 2022
	59613.00
	Keck
	LRIS
	400/3400-400/8500
	3100-10300
	1000



	+322
	10 Feb. 2022
	59620.22
	VLT
	FORS2
	GRIS 300V
	4450-8700
	440



	+374
	04 Apr. 2022
	59673.54
	Keck
	LRIS
	400/3400-400/8500
	3100-10300
	1000



	+396
	27 Apr. 2022
	59696.00
	Keck
	LRIS
	600/4000-1200/7500
	3100-7100
	–



	+460
	02 Jul. 2022
	59762.28
	Keck
	LRIS
	400/3400-400/8500
	3100-10 300
	1000



	+624
	17 Dec. 2022
	59930.46
	MMT
	Binospec
	Grism 270
	3900-9200
	1340



	+741
	16 Apr. 2023
	60050.53
	Keck
	LRIS
	400/3400-400/8500
	3100-10300
	1000



	+750
	26 Apr. 2023
	60060.00
	Keck
	LRIS
	400/3400-400/8500
	3100-10300
	1000





      

      
Notes.

a Days relative to the epoch of r-band maximum in rest frame.


b Days in observer frame.




    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Optical LCs of SN 2021efd corrected for MW extinction. The photometry obtained by POISE, ATLAS, and ZTF is plotted with triangles, squares, and circles, respectively. The unfilled triangles correspond to ZTF and ATLAS nondetections obtained prior to the first detections in each band.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Light curves of SN 2021efd with shifted magnitudes so that the second peaks match roughly. The shaded areas highlight the clear bumps at +0 days, ∼ + 75 days, and ∼ + 105 days. The dotted lines mark the possible later bumps at ∼ + 325 days, ∼ + 345 days, ∼ + 390 days, and ∼ + 400 days.

      

    

  
    
      Fig. 4. 
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        Light curve of SN 2021efd compared to the LCs of other SESNe and templates of Type Ibn SNe from Hosseinzadeh et al. (2017). The comparison SNe include a regular Type Ib SN iPTF13bvn (Srivastav et al. 2014), a regular Type IIb SN 1993J (Richmond et al. 1994), a regular Type Ic SN 2007gr (Hunter et al. 2009), and a peculiar Type Ib SN 2019tsf (Masci et al. 2019).

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        g − r color evolution. The black dots show the evolution of SN 2021efd. The circles, diamonds, and pentagons correspond to ZTF, ALFOSC, and Binospec data, respectively. The blue line represents the color evolution of the Type Ib SN 2006ep, and the red line represents the Type Ic 2007hn presented in Stritzinger et al. (2018)

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Results of the BB fitting. Top: bolometric LC of SN 2021efd (black) and bolometric luminosity of Type Ib SN 2004gv (blue) (Taddia et al. 2018) indicated by a dotted blue line. Middle: BB temperature of the photosphere. Bottom: BB radius of the photosphere. The errors are the 1σ uncertainties of the χ2-fitting. Since the cadence after 115 days is poor, these observations were plotted separately.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Early-time spectra of SN 2021efd. The flux scale is arbitrary. The telluric features are marked with gray lines. The locations of some typical lines at zero velocities are indicated.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Nebular phase spectra of SN 2021efd. The spectra are corrected for telluric features. The locations of some typical lines are indicated in the figure, even when they are not present.

      

    

  
    
      Fig. 9. 
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        Line profiles of the nebular spectra. Some epochs are excluded for clarity. The rest wavelength of what appears to be the strongest line is displayed as the zero point of velocity.

      

    

  
    
      Fig. 10. 
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        Photospheric phase spectra of SN 2021efd and multiple other SESNe. Flux normalization was done by dividing the flux at every wavelength by the peak flux between 4200 and 5000 Å. The locations of some typical lines are indicated.

      

    

  
    
      Fig. 11. 
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        Nebular phase spectra of SN 2021efd and several other SESNe. Flux normalization was done by dividing the flux at every wavelength with the peak flux of the [O I] line at ∼6300 Å.

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Top: He Iλ5876 velocity of SN 2021efd. Bottom: Fe IIλ5169 velocity of SN 2021efd. The templates are the rolling mean of SESNe as presented by Holmbo et al. (2023); H23. The λ5876 feature they measured for Type Ic SNe is expected to be composed of Na Iλλ5890,5896 doublet, and little to no He Iλ5876.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Comparison of the bolometric LC of SN 2021efd with the models. The colored lines are the calculated luminosities from interaction based on the model. The black line is the bolometric luminosity of SN 2021efd with the radioactive decay component subtracted. The dashed line is the observed bolometric LC, and the dotted line is the radioactive decay component calculated from peak luminosity.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Mass of the shock shell accumulated from the CSM at each epoch according to the values used in the calculated interaction luminosity. Effectively, this tells us the CSM mass up to a certain distance from the progenitor star.

      

    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
        Schematic of the preferred model in the nebular phase. Arrows are used to mark characteristic regions for the narrow and broad components, respectively. The light blue coloring approximately corresponds to the shock regions.

      

    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
        [[O I]/[Ca II] ratio of models with different He star masses measured from synthetic spectra presented by Dessart et al. (2023). The different lines correspond to different He star masses of the models. The black dots are the values measured from the nebular spectra of SN 2021efd (see Sect. 4.4).
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