

    


    
      Fig. 14. 
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        X-shooter spectra of SN 2020xga at −8.3 days (top panel) and SN 2022xgc at +21.9 days (bottom panel). The spectra show resolved, narrow absorption lines from the host ISM (marked by the vertical dashed orange lines) and a blueshifted absorption line system (marked by the vertical dashed purple lines) from a CSM shell expelled shortly before the SN explosion.

      

    

  
    
      Fig. 16. 
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        Comparison of the broad Mg II lines originating from the CSM shells for SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF 16eh. The spectra are corrected for MW extinction. The vertical black lines mark the velocity of the absorption minima of the secondary Mg II lines.
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Eruptive mass loss less than a year before the explosion of superluminous supernovae
I. The cases of SN 2020xga and SN 2022xgc
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Abstract

We present photometric and spectroscopic observations of SN 2020xga and SN 2022xgc, two hydrogen-poor superluminous supernovae (SLSNe-I) at z = 0.4296 and z = 0.3103, respectively, which show an additional set of broad Mg II absorption lines, blueshifted by a few thousands kilometer second−1 with respect to the host galaxy absorption system. Previous work interpreted this as due to resonance line scattering of the SLSN continuum by rapidly expanding circumstellar material (CSM) expelled shortly before the explosion. The peak rest-frame g-band magnitude of SN 2020xga is −22.30 ± 0.04 mag and of SN 2022xgc is −21.97 ± 0.05 mag, placing them among the brightest SLSNe-I. We used high-quality spectra from ultraviolet to near-infrared wavelengths to model the Mg II line profiles and infer the properties of the CSM shells. We find that the CSM shell of SN 2020xga resides at ∼1.3 × 1016 cm, moving with a maximum velocity of 4275 km s−1, and the shell of SN 2022xgc is located at ∼0.8 × 1016 cm, reaching up to 4400 km s−1. These shells were expelled ∼11 and ∼5 months before the explosions of SN 2020xga and SN 2022xgc, respectively, possibly as a result of luminous-blue-variable-like eruptions or pulsational pair instability (PPI) mass loss. We also analyzed optical photometric data and modeled the light curves, considering powering from the magnetar spin-down mechanism. The results support very energetic magnetars, approaching the mass-shedding limit, powering these SNe with ejecta masses of ∼7 − 9 M⊙. The ejecta masses inferred from the magnetar modeling are not consistent with the PPI scenario pointing toward stars > 50 M⊙ He-core; hence, alternative scenarios such as fallback accretion and CSM interaction are discussed. Modeling the spectral energy distribution of the host galaxy of SN 2020xga reveals a host mass of 107.8 M⊙, a star formation rate of [image: equation] M⊙ yr−1, and a metallicity of ∼0.2 Z⊙.
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1. Introduction
Superluminous supernovae (SLSNe; Quimby et al. 2011; Gal-Yam 2012) constitute a rare class of massive star explosions (Perley et al. 2020) that reach absolute magnitudes between −20 and −23 mag at peak (De Cia et al. 2018; Lunnan et al. 2018a; Chen et al. 2023a). Today, more than 2001 SLSNe have been detected out to z = 2 (Angus et al. 2019). They are frequently found in low-metallicity dwarf host galaxies with high specific star formation rates (SFRs) (Neill et al. 2011; Chen et al. 2013, 2017; Lunnan et al. 2014; Leloudas et al. 2015; Angus et al. 2016; Perley et al. 2016; Schulze et al. 2018; Taggart & Perley 2021).
There are two types of SLSNe, which are differentiated by the presence or absence of hydrogen in their spectra (Gal-Yam 2012): hydrogen-poor (type I; SLSNe-I hereafter) and hydrogen-rich (type II; SLSNe-II hereafter). The early spectra of the majority of SLSNe-I could show a prominent blue continuum and a series of O II features at 3500 − 5000 Å, with the feature at 4350 − 4650 Å being the most dominant (Quimby et al. 2011, 2018; Mazzali et al. 2016). Studies (Mazzali et al. 2016; Dessart 2019; Könyves-Tóth 2022; Saito et al. 2024) have shown that the O II features require either nonthermal excitation and/or temperatures higher than 12 000–14 000 K; but in a few SLSNe-I (Nicholl et al. 2014; Gutiérrez et al. 2022; Schulze et al. 2024) this feature has not been detected in their spectra.
The high luminosities observed in SLSNe-I cannot be explained by the amount of radioactive 56Ni generated in the normal core-collapse process, which is the major power source of type I SNe, and thus alternative scenarios have been proposed. A popular scenario, which could potentially explain the majority of the observed properties in SLSNe-I (e.g., Inserra et al. 2013; Nicholl et al. 2017; Liu et al. 2017; Blanchard et al. 2020; Hsu et al. 2021; Chen et al. 2023b), is the spin-down of a newly formed rapidly rotating highly magnetized neutron star (NS) known as a magnetar (Ostriker & Gunn 1971; Kasen & Bildsten 2010; Woosley 2010; Vurm & Metzger 2021). Other proposed scenarios are the long-term fallback accretion of material onto a black hole (Dexter & Kasen 2013; Moriya et al. 2018), the thermonuclear explosion of 140 − 260 M⊙ zero-age main sequence (ZAMS) metal-poor stars referred to as pair-instability supernovae (PISNe; Barkat et al. 1967; Rakavy & Shaviv 1967; Woosley et al. 2002; Heger & Woosley 2002) and interaction of the SN ejecta with circumstellar material (CSM) formed by material previously expelled from the star (Chatzopoulos et al. 2012; Sorokina et al. 2016; Wheeler et al. 2017; Chen et al. 2023b).
The fate of the stars, their powering mechanism, and the type of the resulting explosion are closely related to the final years of their stellar lives before the core collapse. During their lifetime, stars can lose a substantial part of their initial mass due to stellar winds (e.g., Lucy & Solomon 1970; Lamers et al. 1999; Puls et al. 2008), binary interactions (e.g., Petrovic et al. 2005; Smith 2014; Götberg et al. 2017; Yoon et al. 2017; Petrović 2020; Laplace et al. 2020), or eruptive mass loss (e.g., Heger & Woosley 2002; Woosley et al. 2007; Quataert & Shiode 2012; Shiode & Quataert 2014; Smith & Arnett 2014; Smith 2014; Woosley 2017; Fuller & Ro 2018; Leung et al. 2019; Renzo et al. 2020; Leung et al. 2021). Mass loss in the form of violent outbursts becomes critical in the late stages of stellar evolution and, in extreme situations, can remove tens of solar masses. Such eruptive mass loss has been observed in η Carinae (Westphal & Neugebauer 1969) and is thought to come from a group of post-main-sequence stars called luminous blue variables (LBVs; Humphreys 1999).
Eruptive mass loss can also be achieved in the case of pulsational pair instability (PPI; Woosley et al. 2007; Woosley 2017; Leung et al. 2019) in which the formation of positron-electron pairs in the CO core of a star with mass as low as 40 M⊙ (if metallicity and rotationally induced mixing is taken into account; Chatzopoulos & Wheeler 2012a,b) ZAMS results in explosive O-burning, and the energy released drives a series of mass ejections. The more massive the star is, the more energetic the pulses are, and thus the more mass will be ejected in the pulses (Renzo et al. 2020). Woosley (2017) and Renzo et al. (2020) note that the time interval between the mass ejection and the core collapse in PPI could be between a few hours to 10 000 years, which, along with the ejection velocity, could determine the distance of the ejected material.
Eruptive mass loss, and especially PPI, can generate CSM shell(s) around the progenitor stars, which potentially can be seen in the spectra of the SNe. There are a few SLSNe-I in the literature with evidence of late-time mass loss, such as them showing late-time broad H emission (Yan et al. 2015, 2017a; Fiore et al. 2021; Pursiainen et al. 2022; Gkini et al. 2024) or early forbidden emission of [O II] and [O III] (Lunnan et al. 2016; Inserra et al. 2017; Aamer et al. 2024; Schulze et al. 2024) in their spectra. The former has been explained by interaction of the ejecta with H-rich CSM located at ∼1015 − 1016 cm (e.g., Yan et al. 2015), and the latter by the interaction with low-density matter moving at a few 103 km s−1. However, recently, two SLSNe-I, iPTF16eh (Lunnan et al. 2018b) and SN 2018ibb (Schulze et al. 2024), were discovered that show a unique spectroscopic feature, a second Mg II absorption system blueshifted by ∼3000 km s−1 with respect to the Mg II absorption lines originating in the interstellar medium of the host galaxy. This feature has been associated with the photoionization of a rapidly expanding CSM shell expelled decades before the explosion. In the case of iPTF16eh, Lunnan et al. (2018b) also detected a Mg II emission line that moved from −1600 km s−1 to 2900 km s−1 between 100 and 300 days after maximum light, and this was attributed to a light echo from that shell. The CSM was located at ∼1017 cm and matched with theoretical predictions of shell ejections due to PPI. However, the detections of these shells were both serendipitous, and so it is not known whether these properties are typical, or how common this phenomenon is.
We present results from a dedicated study using the X-shooter spectrograph (Vernet et al. 2011) on the ESO Very Large Telescope (VLT) in Paranal, Chile to search for a second Mg II absorption system. The full sample will be presented in a follow-up paper; here, we focus on the analysis of the two detections found in the X-shooter sample indicating the presence of a fast-moving CSM. An extensive dataset for SN 2020xga and SN 2022xgc enable us to extract the CSM shell properties and give insights into the late stages of the stellar evolution.
This paper is structured as follows. In Sect. 2, we present photometric and spectroscopic data for SN 2020xga and SN 2022xgc along with photometric measurements of their host galaxies, and imaging polarimetry data for SN 2022xgc. In Sect. 3, we analyze the light-curve properties of SN 2020xga and SN 2022xgc, derive their blackbody temperatures and radii, construct bolometric light curves, and compare them with a homogeneous sample of SLSNe-I as well as with the photometric properties of SN 2018ibb and iPTF16eh. We also model the light curves of SN 2020xga and SN 2022xgc under the assumption that they are powered by a magnetar. In Sect. 4, we present the spectroscopic sequences of SN 2020xga and SN 2022xgc, analyze the spectral properties of these two objects, and compare them with those of well-studied SLSNe-I, and with SN 2018ibb and iPTF16eh. The modeling of the Mg II lines to extract information about the CSM shell is done in Sect. 5. In Sect. 6, we discuss the properties of the two host galaxies. We discuss our findings and provide possible mass loss scenarios and alternative powering mechanisms in Sect. 7, and we summarize our results in Sect. 8.
Throughout the paper, the photometric measurements are reported in the AB system and the uncertainties are provided with 1σ confidence. We assume a flat Lambda cold dark matter cosmology with H0 = 67.4 km s−1 Mpc−1, Ωm = 0.31, and ΩΛ = 0.69 (Planck Collaboration VI 2020).
2. Observations
2.1. Our X-shooter sample
Motivated by the discovery of iPTF16eh and SN 2018ibb, we collected a sample of 19 SLSNe with the medium-resolution X-shooter spectrograph (program IDs: 105.20PN, 106.21L3, 108.2262 and 110.247C). The triggering criteria of the program were objects that have been already classified as SLSNe-I, were observable from Paranal and have z > 0.11 so that the Mg IIλλ2796, 2803 resonance lines are observable with X-shooter. Our primary objectives are to constrain the occurrence of such mass ejections in SLSNe-I and determine the distribution of the CSM properties. This paper focuses on the analysis of two detections in the X-shooter sample, SN 2020xga and SN 2022xgc, which exhibit a second narrow Mg II absorption system in their X-shooter spectra blueshifted by a few thousand km s−1 with respect to the Mg II absorption lines originating in the interstellar medium of the host galaxy.
2.2. Discovery and classification
2.2.1. SN 2020xga
SN 2020xga was discovered by the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS1; Kaiser et al. 2010) as PS20jxm on the rise on October 4, 2020, at a w-band magnitude of 19.8 mag at right ascension, declination (J2000.0) 03h46m39.37s, −11° 14′33.90″ (Chambers et al. 2020). It was classified by the extended Public ESO Spectroscopic Survey for Transient Objects (ePESSTO+; Smartt et al. 2015) as a SLSN-I on November 6, 2020 (Gromadzki et al. 2020; Ihanec et al. 2020). An image of the field before and after the explosion is shown in Fig. 1a.
	[image: thumbnail]	Fig. 1. Images of the fields of SN 2020xga (a) and SN 2022xgc (b). Panel a: Legacy Survey DR10 image of the field of SN 2020xga before explosion. A faint host galaxy at the SN position is visible, marked by the white crosshairs. Right: gri composite image of the SN near peak from Liverpool Telescope (LT). Panel b: Pan-STARRS image of the field of SN 2022xgc before explosion. The SN position is marked by the white crosshairs. Right: gri composite image of the SN near peak from the LT. All images have a size of 2 × 2 arcmin and have been combined following the algorithm in Lupton et al. (2004).



Spectroscopic follow-up showed a redshift of z = 0.4296 (see Sect. 4.1) corresponding to a distance modulus of 41.93 mag. We corrected for the Milky Way (MW) extinction using the dust extinction model of Fitzpatrick (1999) based on RV = 3.1 and E(B − V) = 0.049 mag (Schlafly & Finkbeiner 2011). As for the host galaxy extinction, we find that the host properties of SN 2020xga are consistent with no extinction within the uncertainties (see Sect. 6). The estimated epoch of maximum light in the rest-frame g band is November 19, 2020, MJD = 59 172.5 (see Sect. 3.1).
2.2.2. SN 2022xgc
SN 2022xgc was discovered by the Zwicky Transient Facility (ZTF; Bellm et al. 2019; Graham et al. 2019; Dekany et al. 2020) on October 9, 2022, as ZTF22abkbmob at a g-band magnitude of 20.8 mag at right ascension, declination (J2000.0) 07h12m41.81s, +07° 18′59.95″ (Fremling 2022). ePESSTO+ classified it as a SLSN-I on December 2, 2022 (Gromadzki et al. 2022; Poidevin et al. 2022; Grzesiak et al. 2022).
To correct for the MW extinction, we again used the dust extinction model of Fitzpatrick (1999), RV = 3.1 and now with E(B − V) = 0.061 mag (Schlafly & Finkbeiner 2011). We adopted a spectroscopic redshift of z = 0.3103 (see Sect. 4.1) and computed the distance modulus to be 41.11 mag. Since the host of SN 2022xgc is not detected in the photometric catalogs, we did not apply any host extinction. The epoch of maximum light in the rest-frame g band is estimated to be November 18, 2022, MJD = 59 901.9 (see Sect. 3.1). An image of the field before and after the explosion is shown in Fig. 1b.
2.3. Photometry
Photometric measurements of SN 2020xga and SN 2022xgc are available from sky surveys such as the Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al. 2020), and the ZTF survey. We retrieved forced photometry from the ATLAS forced photometry server2 (Tonry et al. 2018; Smith et al. 2020; Shingles et al. 2021) for both c and o filters. The clipping and binning, with a bin size of 1 day, of the ATLAS data were done using the plot_atlas_fp.py3 python script (Young 2020). We removed the measurements with < 3σ significance and converted the resulting fluxes to the AB magnitude system using the 3631 Jy zeropoint. The ZTF forced point spread function (PSF)-fit photometry was requested from the Infrared Processing and Analysis Center (Masci et al. 2019) for the gri bands. To obtain the rest-frame light curve, we followed the ZTF data processing procedure4 including baseline correction, validation of the flux uncertainties, combining measurements obtained the same night and converting the differential fluxes to the AB magnitude system. Similarly to ATLAS data, a quality cut of 3σ was performed to the data.
In addition, both objects were monitored with the 2m Liverpool Telescope (LT; Steele et al. 2004) using the IO:O imager at the Roque de los Muchachos Observatory in the griz bands. The images were retrieved from the LT data archive5 and were processed through a PSF photometry script developed by Hinds and Taggart et al. (in prep.). Each measurement was calibrated using stars from the Pan-STARRS (Flewelling et al. 2020) catalog and a cut of 3σ was performed.
SN 2020xga was also monitored between November 2020 and July 2021 by ePESSTO+ using the Las Cumbres Observatory in the griz bands. We performed photometry using the AUTOmated Photometry of Transients6 pipeline developed by Brennan & Fraser (2022). The instrumental magnitude of the SN is measured through PSF fitting and the zero point in each image is calibrated with stars from the Pan-STARRS (Flewelling et al. 2020) catalog. We do not discuss the z-band photometry because of the poor quality of these images.
The photometric dataset of SN 2022xgc is complemented with four epochs obtained with the Rainbow Camera at the Spectral Energy Distribution Machine (SEDM; Blagorodnova et al. 2018; Rigault et al. 2019; Kim et al. 2022) at Palomar Observatory in the gri bands. The data were reduced with the FPipe pipeline described in Fremling et al. (2016). Finally, one epoch of photometry in the gr bands was obtained with the Alhambra Faint Object Spectrograph and Camera (ALFOSC) at the 2.56m Nordic Optical Telescope (NOT). For the reduction the PyNOT7 data processing pipeline was utilized. For nights with multiple exposures, we computed the weighted average and we kept only the data with > 3σ significance.
Overall, for SN 2020xga we obtained 68 epochs of photometry spanning from −44 and +59 days post maximum in the gcroiz bands with a cadence of 1.5 days in the best-covered r band. For SN 2022xgc we obtained 86 photometric epochs between −59 and +110 days after the peak in the gcroiz bands with an average cadence of 2 days in the g and r bands, which were best covered (for the photometric tables of SN 2020xga and SN 2022xgc see Sect. 8).
2.4. Spectroscopy
We acquired five low-resolution spectra of SN 2020xga between November 6, 2020, and December 30, 2020, and six low-resolution spectra of SN 2022xgc between December 1, 2022, and February 12, 2023, with the ESO Faint Object Spectrograph and Camera 2 (EFOSC2; Buzzoni et al. 1984) on the 3.58m ESO New Technology Telescope (NTT) at the La Silla Observatory in Chile under the ePESSTO+ program (Smartt et al. 2015). Additional medium-resolution spectra were obtained for both SN 2020xga between November 2020 and January 2021, and SN 2022xgc between December 2022 and March 2023, with the X-shooter spectrograph.
The spectroscopic data for SN 2022xgc was supplemented with three low-resolution spectra obtained with ALFOSC between November and December 2021, one spectrum obtained on November 22, 2022, with the Kast double spectrograph mounted on the Shane 3m telescope at Lick Observatory, and two spectra taken in November 2022 with the SEDM. We acquired one additional epoch of spectroscopy for SN 2020xga with the DouBle-SPectrograph (DBSP; Oke & Gunn 1982) mounted on Palomar 200-inch telescope on Palomar Observatory on January 07, 2021. Observations using the SEDM and DBSP were coordinated using the FRITZ data platform (van der Walt et al. 2019; Coughlin et al. 2023).
The NTT spectra were reduced with the PESSTO8 pipeline. The observations were performed with grisms #11, #13, and #16 using a [image: equation] wide slit. The integration times varied between 1500 and 5400 s for SN 2020xga and between 900 and 4800 s for SN 2022xgc. The spectra of SN 2020xga on November 16 and 17, 2020, were combined to boost the signal-to-noise (S/N).
The X-shooter observations were performed for the ultra-violet (UV), visible (VIS), and near-infrared (NIR) arms in nodding mode using [image: equation], [image: equation], [image: equation] wide slits, respectively, and were reduced using the ESO X-shooter pipeline. We followed the following procedure; first, the tool astroscrappy9 was used for the removal of cosmic-rays based on the algorithm of van Dokkum (2001), then the data were processed with the X-shooter pipeline v3.6.3 and the ESO workflow engine ESOReflex (Goldoni et al. 2006; Modigliani et al. 2010). The UV and VIS-arm data were reduced in stare mode. The corrected two-dimensional spectra were co-added utilizing tools developed by Selsing et al. (2019)10. To achieve proper skyline subtraction, the NIR-arm data were processed in nodding mode. The wavelength calibration of all spectra was adjusted to account for barycentric motion. The spectra of the separate arms were combined by averaging the overlap areas. Since observations of SLSNe-I have shown that the spectra tend to evolve slower compared to other SNe (e.g., Quimby et al. 2018), we stitched the X-shooter spectra of SN 2020xga on January 10 and 14, 2021, to increase the S/N.
The spectroscopic data obtained with ALFOSC were reduced using the PYPEIT11 pipeline (Prochaska et al. 2020a,b). The observations were obtained with a [image: equation] wide slit and grism #4, and the exposure times were between 3344 s and 4000 s. The spectrum on November 13, 2022, was observed under cloudy conditions and thus we do not consider it. The SEDM observations had an integration time of 2250 s and were reduced using the pipeline described in Rigault et al. (2019). The first SEDM spectrum of SN 2022xgc obtained on November 14, 2022, is of insufficient quality and is not presented in the paper. The epoch observed with the DBSP instrument was taken using the D-55 dichroic beam splitter, a blue grating with 600 lines per mm blazed at 4000 Å, a red grating with 316 lines per mm blazed at 7500 Å, and a [image: equation] wide slit. The data were reduced using the python package DBSP_DRP412 that is primarily based on PYPEIT. Finally, the Kast observations utilized the [image: equation] wide slit, the 600/4310 grism, and the 300/7500 grating. The Kast data were reduced following standard techniques for CCD processing and spectrum extraction (Silverman et al. 2012) utilizing IRAF routines and custom Python and IDL codes13.
Each spectrum was flux calibrated against standard stars. The spectral logs for SN 2020xga and SN 2022xgc are presented in Tables B.1 and B.2, respectively.
2.5. Polarimetry
Linear polarimetry was obtained on SN 2022xgc at two epochs after maximum light at +26.1 (MJD 59928.0) days and at +60.1 (MJD 59962.0) days, observer-frame. A log of the observations is given in Table C.1. The polarimetry was obtained using a half wave plate in the FAPOL unit and a calcite plate mounted in the aperture wheel of the ALFOSC instrument on the NOT. The calcite plate provides the simultaneous measurement of the ordinary and the extraordinary components of two orthogonal polarized beams. The half wave plate can be rotated over 16 angle positions in steps of 22.5° from 0° to 337.5°. As a standard, we used 4 angle positions (0° ,22.5° ,45°, and 67.5°) to sample the linear Stokes Q − U parameters space.
The pipeline used to reduce the data is the same as the one introduced in Poidevin et al. (2022). The photometry of the ordinary and extraordinary beams was done using aperture photometry of size ∼2 to 3 times the Full-Width at Half-Maximum (FWHM) of punctual sources in the images. For multiple sequences of 4 Half-Wave Plate angles the polarization was obtained by summing-up the fluxes from the ordinary and extra-ordinary beams to minimize the propagation of the uncertainties. The instrumental polarization (IP) was first estimated using the unpolarized star HD 14069. The IP degree is of order 0.1% in the R-band, and or order 0.2% in the V-band (see Table C.2). These averaged Stokes [image: equation] and [image: equation] values were subsequently removed from the Stokes parameters Q − U estimates of the polarized calibration stars HD 251204 and BD+59 389 and of SN 2022xgc. The polarized stars were used to calculate the zero polarization angle (ZPA) used to rotate the Stokes Q, U parameters from the ALFOSC FAPOL instrument reference frame to the sky reference frame in equatorial coordinates. The polarization angles are counted positively from north to east. When applicable, the polarization degree and polarization angle obtained at each of these steps are reported in Table C.2.
2.6. Host galaxy observations
We retrieved science-ready co-added images from the DESI Legacy Imaging Surveys (LS; Dey et al. 2019) Data Release (DR) 10, and archival science-ready images obtained with MegaCAM at the 3.58 m Canada-France-Hawaii Telescope (CFHT) for SN 2020xga. We measured the brightness with the aperture photometry tool presented in Schulze et al. (2018) using an aperture similar to the other images. The photometry was calibrated against stars from the Sloan Digital Sky Survey DR9 (Ahn et al. 2012) and Pan-STARRS1 (Chambers et al. 2016). The host galaxy of SN 2022xgc is not detected in any catalog and thus, we provide the upper limits of the Dark Energy Survey images obtained with the Dark Energy Camera (DECam) at the Cerro Tololo Inter-American Observatory (CTIO). Table 1 summarizes the measurements in the different bands.
Table 1. 
Photometry of the host galaxies of SN 2020xga and SN 2022xgc.

3. Photometry
3.1. General light-curve properties
To estimate the absolute magnitudes of SN 2020xga and SN 2022xgc, we used M = m − μ − AMW − Kcorr, where m is the apparent magnitude, μ is the distance modulus, AMW is the extinction caused by the MW, and the last term is the K-correction. For the last term, we used the expression −2.5log(1 + z), which we found to be consistent within 0.1 mag with the full K-correction using the spectra near peak, as is suggested in Chen et al. (2023a) as well. This gave Kcorr = −0.39 ± 0.1 mag for SN 2020xga and Kcorr = −0.29 ± 0.1 mag for SN 2022xgc. The multiband light curves in apparent and absolute magnitude systems for SN 2020xga and SN 2022xgc are shown in Fig. 2.
	[image: thumbnail]	Fig. 2. Optical light curves of SN 2020xga (left panel) and SN 2022xgc (right panel). The magnitudes are corrected for MW extinction and K-correction. Upper limits are presented as downward-pointing triangles in a lighter shade. The epochs of the spectra are marked as thick lines at the top of the figure. The dashed line represents the estimated time of the first light. The x axis is in rest-frame days with respect to the rest-frame g-band maximum.



To estimate the time of first light, we fit a baseline to the non-detection data points and a second-order polynomial to the rising part of the light curve, with the cross-point of the two fits being the time of first light. To estimate the uncertainty in the first-light epoch, we ran a Monte Carlo algorithm of randomly selected data points from a Gaussian distribution of the 1σ uncertainties for each of the selected flux measurements. For SN 2020xga, the resulting dates are MJD 59109.8 ± 0.2 in the g band and MJD 59110.5 ± 1.0 in the r band. We adopted a weighted average of MJD 59109.8 ± 0.2, which is also before the first c-band detection (MJD 59110.5). The uncertainty is statistical only, but the systematic error is likely a few days. This is shown for SN 2022xgc, where this method results in the dates of MJD 59836.5 ± 0.4 in the g band and MJD 59842.2 ± 2.6 in the r band. The weighted mean of MJD 59836.6 ± 2.5 is after the first three r-band detections, which could be associated with a pre-peak bump, as is seen in the light curves of some SLSNe-I (e.g., Leloudas et al. 2012; Nicholl et al. 2015b; Smith et al. 2016; Vreeswijk et al. 2017; Angus et al. 2019). These pre-bumps have been discussed in the context of shock breakout into a CSM (Piro 2015; Nicholl et al. 2015b; Smith et al. 2016; Vreeswijk et al. 2017) or a shock generated by a central magnetar at early times (Kasen 2017). Given that only three data points are shown in decline, we cannot conclusively favor one scenario over the other. However, since SN 2022xgc does not have stringent upper limits due to solar conjunction and the first r-band detections are real, we cannot exclude them and we instead took as time of the first light the first r-band data point MJD 59825.
To estimate the light-curve properties, we used the r-band light curve, which falls into the rest-frame g band at the redshifts of SN 2020xga and SN 2022xgc (Chen et al. 2023a). We used the method from Angus et al. (2019) for the light-curve interpolation and fit a Gaussian process (GP) regression, utilizing the PYTHON package GEORGE (Ambikasaran et al. 2015) with a Matern 3/2 kernel. We used the interpolated r-band light curve to estimate the peak magnitude as well as to define the rise and decline timescales as a fraction of the maximum flux (e.g., t1/2,rise is the time interval between fpeak/2 and fpeak) following Chen et al. (2023a). To estimate the rest-frame g − r color at the peak, we used the peak magnitudes inferred from the interpolated rest-frame g- and r-band light curves, K-corrected using the spectra closer to the peak. The photometric properties of SN 2020xga and SN 2022xgc obtained from this analysis are listed in Table 2. The timescales are reported in rest-frame days.
Table 2. 
Light curve properties of SN 2020xga and SN 2022xgc.

In Fig. 3, we place the light curve properties of SN 2020xga and SN 2022xgc in the context of the homogeneous ZTF SLSN-I sample from Chen et al. (2023a), which studied the photometric properties of 78 H-poor SLSNe-I. In the four different panels, we show the kernel density estimates (KDEs) of the ZTF sample, which are an outcome of a Monte Carlo simulation accounting for the asymmetric errors. Both SN 2020xga and SN 2022xgc are placed in the bright side of the distribution while the decline times span across the whole distribution. The rise times and the g − r peak magnitudes are rather average compared to the median values of the ZTF sample.
	[image: thumbnail]	Fig. 3. Comparison of the photometric properties of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh with the ZTF SLSN-I sample (Chen et al. 2023a). Top: KDE distribution of the Mg peak magnitudes for 78 ZTF SLSNe-I. Second: KDE plot of the e-folding rise time for 69 ZTF SLSNe-I. Third: e-folding decline time distribution for 54 ZTF SLSNe-I. Bottom: Rest-frame peak g − r color distribution for 39 ZTF SLSNe-I. The vertical colored lines along with the errors (shaded regions) illustrate the positions of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh and the vertical black lines the median values of the ZTF sample.



3.2. Bolometric light curve
To construct the bolometric light curves of SN 2020xga and SN 2022xgc, and derive the blackbody temperatures and radii, we constructed the spectral energy distributions (SEDs); however, we note that the presence of nonthermal sources affecting the SN spectra could introduce additional errors that are not accounted for in this analysis. We interpolated all light curves using the GP method described in Sect. 3.1 to match the epochs with r-band observations and converted the magnitudes to spectral luminosities Lλ for each band at each epoch. To extract information about the photospheric temperature and radius, we fit blackbody curves to each SED. The derived temperature and radius evolution for SN 2020xga and SN 2022xgc are plotted in Fig. 4. We compared only with events of the ZTF sample characterized as normal by Chen et al. (2023a). We find that the temperatures of both objects are comparable to those of the ZTF SLSNe-I and evolve similarly to the ZTF sample, declining over time. On the other hand, while the radius evolution of SN 2020xga and SN 2022xgc follows the rising trend seen for the SLSNe-I in the ZTF sample, the photospheric radius of both objects expands to larger values than for the rest of the ZTF sample. This is why these objects are so luminous while their temperatures are typical. In SN 2020xga and SN 2020xgc the photospheric radius decreases after 25 and 50 days, respectively. We caution that the quoted error bars are statistical only, and do not include any systematic effects; for example, from the fact that we are fitting to optical data only, while the peak of the blackbody is in the UV at early times (e.g., Arcavi 2022).
	[image: thumbnail]	Fig. 4. Blackbody temperatures and radii of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh. Top: Temperature evolution of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh derived from the blackbody fits to the photometric (circle symbols) and the spectroscopic (star symbols) data. The gray background points represent the temperature evolution of the ZTF sample (Chen et al. 2023a). Bottom: Blackbody radius evolution of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh utilizing photometry and spectra in comparison with the ZTF sample (gray). The arrows indicate the epochs where the X-shooter spectra of SN 2020xga and SN 2022xgc show the second Mg II absorption system.



To construct the bolometric light curves of SN 2020xga and SN 2022xgc, we started by integrating the SED using only the gro filters, since the i and z light curves cover only a few epochs and the c filter is already covered by the g and r bands. To account for the missing flux in the NIR we fit a blackbody to the gro SED and integrated the blackbody tail up to 24 400 Å, beyond which the contribution to the bolometric light curve is negligible in the photospheric phase (∼1%; Ergon et al. 2013). For the UV correction, we followed the approach of Lyman et al. (2014) to capture the effect of the line blanketing commonly encountered in SLSNe (e.g., Yan et al. 2017b). To do this, we linearly extrapolated the SED from the observed g band to 2000 Å where the luminosity is set to zero. The total bolometric luminosity is the sum of the observed gro luminosity and the UV and NIR corrections. The bolometric light curves of SN 2020xga and SN 2022xgc are shown in Fig. 5. The peak bolometric luminosity is estimated to be Lbol, peak ≳ 2.7 ± 0.1 × 1044 erg s−1 for SN 2020xga and Lbol, peak ≳ 1.9 ± 0.1 × 1044 erg s−1 for SN 2022xgc. These values are typical for SLSNe-I being close to the median value of [image: equation] erg s−1 reported for 76 SLSNe-I in Chen et al. (2023a) using the g and r filters and the value of [image: equation] erg s−1 found in Gomez et al. (2024) studying a heterogeneous sample of 262 SLSNe-I.
	[image: thumbnail]	Fig. 5. Bolometric light curves of SN 2020xga and SN 2022xgc with bolometric corrections applied. The circles correspond to the derived luminosities using gro filters and the open square symbols illustrate the bolometric luminosity assuming the same bolometric correction as the nearest epochs with multiband data. The error bars represent statistical errors.



To include the epochs for which we do not have complete gro data and for which we therefore cannot construct the SED, we assumed a constant bolometric correction. For SN 2020xga, for the later epochs that only have r-band data available, we used the same ratio of the r-band flux to the total flux that we measured at the latest epoch with multiband data. Similarly, for the rising part of the light curve for SN 2022xgc for which we have only g- and r-band measurements, we applied the same bolometric correction measured in the first multiband epoch. The bolometric luminosity used is the average of the luminosities calculated for the g and r bands. The data points assuming bolometric corrections are shown as open squares in Fig. 5. We note that this approach has two main caveats since at early phases the bolometric correction progressively underestimates the UV contribution while in the later phases the IR contribution gets more significant. By integrating the area below the bolometric light curves we estimated the total radiated energy to be Erad ≳ 1.8 ± 0.1 × 1051 erg for SN 2020xga and Erad ≳ 0.9 ± 0.2 × 1051 erg for SN 2022xgc. We note that these errors only account for the statistical errors in the fit and not for any systematic errors. These values are consistent within the uncertainties with the median [image: equation] erg found in Gomez et al. (2024).
3.3. Photometric comparison to iPTF16eh and SN 2018ibb
In Fig. 3, we compare the light-curve properties of SN 2020xga and SN 2022xgc with the well-studied sample of SLSNe-I from the ZTF (Chen et al. 2023a). In this plot, we also include the photometric properties of SN 2018ibb (Schulze et al. 2024) and iPTF16eh (Lunnan et al. 2018b). These two SLSNe-I, at z = 0.166 and z = 0.427, respectively, are the only other SLSNe-I in which the two Mg II absorption-line system is detected in their spectra. To determine whether the objects with this remarkable spectroscopic similarity stand apart in photometry space, we also plot the rest-frame g-band peak magnitudes, rise and decline timescales, and g − r magnitudes at the peak of SN 2018ibb and iPTF16eh in Fig. 3. We note that since there are no data available in the rest-frame g band in the rising part of iPTF16eh’s light curve, we used the rest-frame u band to estimate the rise time.
Similarly to SN 2020xga and SN 2022xgc, SN 2018ibb and iPTF16eh are placed on the bright side of the ZTF luminosity distribution. The peak absolute magnitudes of these four objects span from −21.8 mag to −22.3 mag with a mean of −22.1 mag putting these objects among the most luminous SLSNe-I compared to the ZTF sample. The decline times of these four objects span across the whole distribution, while the g − r colors at the peak are close to the median value of the ZTF sample. The rise times of iPTF16eh, SN 2020xga and SN 2022xgc are consistent within the errors with the median of the sample, whereas SN 2018ibb is placed in the far slow end of the distribution as one of the longest rising SLSNe-I compared to the Chen et al. (2023a) sample.
The blackbody temperature and radius evolution of iPTF16eh and SN 2018ibb are plotted in Fig. 4. Both objects follow the temperature evolution of the ZTF sample, with iPTF16eh having higher temperatures compared to the bulk of the population. The photospheric radius of SN 2018ibb remains constant for almost 100 days after maximum light, while the radius evolution of iPTF16eh is increasing with time. However, similarly to SN 2020xga and SN 2022xgc, the size of the photoshere in iPTF16eh is getting larger than that of most ZTF SLSNe-I. The photospheric radius of iPTF16eh appears to decline after ∼60 days.
To better illustrate the variety in the photometric properties of these four objects, we plot the rest-frame g-band light curves in Fig. 6. The absolute magnitudes of all the objects are K-corrected and corrected for MW extinction. We see that the light curve of SN 2018ibb differs significantly compared to the other three SLSNe-I with a second Mg II system, by being very slow evolving and presenting bumps and undulations in its light curve. There are no signs of post-peak bumps or wiggles in the light curves of SN 2020xga, while the light curve of SN 2022xgc shows a possible flattening in the gcr bands starting ∼80 days after the peak (see Sect. 7). In SN 2022xgc, a pre-bump in the r band was observed immediately after explosion, whereas in SN 2020xga a possible bump can be seen in the g and r band light curves at ∼ − 30 days. All four objects are very energetic with radiated energies of Erad ≳ 1 × 1051 erg s−1.
	[image: thumbnail]	Fig. 6. Rest-frame g-band absolute magnitude light curves of SN 2020xga and SN 2022xgc in comparison with iPTF16eh and SN 2018ibb. The magnitudes are K-corrected and corrected for MW extinction. The x axis is in rest-frame days with respect to the g-band peak, with the exception of iPTF16eh, where the u band was utilized for estimating the peak owing to the lack of data in the rising part of the g-band light curve.



3.4. Light-curve modeling
We modeled the observed multiband light curves of SN 2020xga and SN 2022xgc using the Bayesian inference software package for fitting electromagnetic transients, REDBACK (Sarin et al. 2024). We input the redshift of the SLSNe (see Sect. 4.1), the gcroi photometric observations of SN 2020xga and SN 2022xgc corrected for extinction (we excluded the z band due to the low number of datapoints), and a list of priors shown in Table 3. We explored the parameter space with the nested sampling package DYNESTY (Ashton et al. 2019; Speagle 2020).
Table 3. 
Priors and posterior of the parameters fit with REDBACK for the generalized magnetar model.

To fit the data, we selected the versatile general magnetar-driven supernova model described in Omand & Sarin (2024) under the assumption that the light curves of SN 2020xga and SN 2022xgc are powered by the spin-down of a rapidly rotating newly formed magnetar (Ostriker & Gunn 1971; Arnett & Fu 1989; Kasen & Bildsten 2010; Chatzopoulos et al. 2012; Inserra et al. 2013). This model sets the magnetar braking index, n, as a variable, relaxing the assumption of a vacuum dipole spin-down mechanism and includes the dynamical evolution of the ejecta (Sarin et al. 2022) coupling it to both the explosion energy and the spin-down luminosity of the magnetar itself. We used the default priors defined in Omand & Sarin (2024) relaxing the priors for the explosion energy ESN and the temperature floor Tfloor. The opacity, κ, was fixed at 0.04 cm2 g−1, which is a good approximation for type Ic SNe, as is shown in Kleiser & Kasen (2014) (see their Fig. 3) considering that the blackbody temperature tends to overestimate the temperature of the photosphere (Dessart 2019). We note that if we set the κ parameter free, our results do not change significantly, suggesting that the choice of opacity plays a minimal role in our inference. However, we note that the opacity is kept constant with time and a time-dependent opacity could yield different results. This model assumes a modified SED accounting for the line blanketing in the UV part of the SLSN spectra (Chomiuk et al. 2011) similar to the one used in Nicholl et al. (2017). The REDBACK light curve fits are shown in Fig. 7, and the resulting values of the posteriors are given in Table 3. The corner plots are uploaded in https://zenodo.org/records/14565605 (see Sect. 8).
	[image: thumbnail]	Fig. 7. Multiband light curves of SN 2020xga (left panel) and SN 2022xgc (right panel) with their resulting fits from REDBACK. The solid colored lines indicate the light curves from the model with the maximum likelihood, while the shaded areas depict the 90% credible interval. The x axis is in rest-frame days with respect to the rest-frame g-band maximum.



In SN 2020xga (Fig. 7; left panel), the model captures well the rise (apart from the i band, which does not have data during the rise), peak, and decline in all five filters up to 30 days, after which the model declines more slowly than the data. The model fails to fit the first real detection in the c band and a possible small bump at ∼ − 30 days that is visible in the g and r bands. The latter is not unexpected since this model can explain only a smooth light curve (see discussion in Omand & Sarin 2024). Similarly, in SN 2022xgc (Fig. 7; right panel), the model fits well the SN multiband light curve both in the rise and the decline up to ∼60 days, after which the model declines more quickly than the data in the r and c bands. In addition, the model does not capture the first three data points in the r band, which, as is discussed in Sect. 3.1, could potentially be a pre-bump often seen in the light curves of SLSNe-I. A possible explanation for the early bumps could be interaction with extended material (Piro 2015) or magnetar-driven shock breakout (Kasen 2017).
The general magnetar-driven supernova model uses the initial magnetar spin-down luminosity, L0, and the magnetar spin-down time, tSD, as input parameters instead of the initial magnetar spin period in millisecond, P0,ms( = P/103 s), the magnetic field, B14(=B/1014 G), and the NS mass, MNS, used in previous magnetar models (e.g., Nicholl et al. 2017). To recover these parameters, we used the scalings
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and
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Assuming a 1.4 M⊙ NS with the same equation of state as in Nicholl et al. (2017), we found the rotational energy of the magnetar, Erot, to be 1.1 × 1052 erg for SN 2020xga and Erot = 3.3 × 1052 erg for SN 2022xgc, while P0,ms is estimated to be 1.6 ± 0.1 and 0.9 ± 0.2 for SN 2020xga and SN 2022xgc, respectively. The estimated P0,ms values in SN 2020xga and SN 2022xgc are close to the so-called mass-shedding limit, the limit at which the centrifugal force throws mass off the surface of the magnetar (e.g., Metzger et al. 2015; Watts et al. 2016).
The ejecta masses of 7.0 M⊙ and 9.3 M⊙ for SN 2020xga and SN 2022xgc, respectively, resulting from the general magnetar-driven supernova model, are consistent with the findings of Chen et al. (2023b), who found that the median ejecta mass is [image: equation]. However, we note that this comparison is limited by the different physics included in the model used in this paper and the model of Nicholl et al. (2017) used in the paper of Chen et al. (2023b). In addition, the model estimates the explosion dates, texp, of SN 2020xga and SN 2022xgc to be 13 and 1 days, respectively, which are earlier than the values found in Sect. 3.1. These small discrepancies are not unreasonable given that both SNe were luminous already at the time of the first detection, and thus our approach in Sect. 3.1 constrains the time of first light rather than the explosion date.
Since the ejecta velocity, vej, in the general magnetar-driven supernova model is not constant and the ejecta evolve dynamically as a function of time, we calculated the diffusion timescale, tdiff,
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using the ejecta velocity at the peak. The vej at the peak derived from the most likely model in REDBACK is 10 446 km s−1 for SN 2020xga and 8304 km s−1 for SN 2022xgc, and thus the tdiff is estimated to be 18 days and 24 for SN 2020xga and SN 2022xgc, respectively. We note that the ejecta velocities calculated in REDBACK do not have the same physical meaning as the line velocities extracted from the spectra in Sect. 4.3. By computing the ratio of tSD/tdiff, we could determine the fraction of the spin-down luminosity converted to kinetic energy accelerating the ejecta (Suzuki & Maeda 2021; Sarin et al. 2022). The ratios of the two timescales are 7.6 for SN 2020xga and 6.6 for SN 2022xgc. These two ratios show that the radiated and kinetic energy could be possibly dominated by magnetar spin-down (Suzuki & Maeda 2021; Omand & Sarin 2024). We note that a discussion of alternative power-mechanism scenarios is included in Sect. 7.4.
3.5. Imaging polarimetry
The polarization degrees obtained on SN 2022xgc, and reported in Table C.2 are all very low (< 0.5%), and all constrained to about or less than 2σ. The final values shown in bold (Column 9) were obtained after bias correction following the equation given in Wang et al. (1997):
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where h is the Heaviside function, Pobs is the observed polarization, and σP is the 1σ error.
The debiased measurements obtained on SN 2022xgc displayed in the last column of Table C.2 have been obtained without making any MW polarization correction. The first important point to notice is that they all show that the percentage of polarization is consistently low and does not seem to vary with time. The second important point is that these measurements are all consistent with the low level of Galactic polarization expected in that region of the sky. The Galactic extinction along the line of sight at the coordinates of SN 2022xgc is such that E(B − V) = 0.061 (Schlafly & Finkbeiner 2011). Following Serkowski et al. (1975), this means that, in case of a magnetic field perfectly lying on the plane of the sky, the empirical upper limit on the optical degree of polarization produced by dichroic absorption by magnetically aligned Galactic dust grains should be Pmax = 9 × E(B − V) = 0.55%. A look at the measurements of the two closest known polarized stars in the vicinity of SN 2022xgc, HD 58784 with PV = 0.65 ± 0.2% and HD 57291 with PV = 0.37 ± 0.2%, support this statement. These data were retrieved from the compiled catalog of optical polarization measurements by Heiles (2000).
The polarization angles displayed in Table C.2 show polarization angles that differ by about 90° between the two epochs. The constraints on the polarization angles are low S/N, but as an ultimate test we estimated the variations in the polarization degree obtained between each epoch in each filter. This was done using the values of the Stokes parameters before debiasing the data. Any IP and ZPA corrected Stokes parameter on SN 2022xgc should be the sum of a constant contribution from the MW and from the host galaxy (if any) added to a possibly variable contribution from the SN. Therefore a differential measurement between two epochs should assess the degree of variation in polarization associated to the SN. In the R-band the differential is, ΔP(R) = 0.29 ± 0.16%, while in the V-band it is, ΔP(V) = 0.52 ± 0.23%.
We conclude that the estimates given in Table C.2 are likely estimates of the MW polarization contribution and that any contribution that could be associated with SN 2022xgc and its host galaxy should only be a few tenths of a percent. This low level rejects any detection of jet activities. If the level of polarization associated with SN 2022xgc changed between the two epochs, it should only be a fraction of a percent; in other words, very low. This low level of variation in the polarization level refutes the idea that there is any strong change in the shape of the photosphere of the SN between the two epochs.
All these results seem consistent with the statistical results obtained by Pursiainen et al. (2023) on a sample of 16 SLSNe. In this work, the data obtained before maximum light indicate nearly spherical photospheres. No clear relation is found between the polarimetry and spectral phase after maximum light, and an increasing polarization degree is measured only on a subsample of four SLSNe that have irregular light curve shapes on decline. The light curve decline of SN 2022xgc looks smooth and regular (see Fig. 7, right) at the phases when polarimetry was obtained (+26.1 days and +60.1 days). If any strong CSM interaction with the ejecta of SN 2022xgc happened during these two phases, it appears that it did not affect the symmetry of the system. We point out, however, that these results are not indicative of the lack of CSM playing a role in powering the observed light curve of the events.
4. Spectroscopy
4.1. Redshift
To estimate the precise redshifts of SN 2020xga and SN 2022xgc, we examined the X-shooter spectra of SN 2020xga at −8.3 days and SN 2022xgc at +21.9 days after maximum light and identified emission and absorption lines from the interstellar medium and H II regions in the host galaxy (e.g., Vreeswijk et al. 2014; Leloudas et al. 2015). Figure 8 shows the galaxy lines that appear in the spectra of SN 2020xga and SN 2022xgc and that we used for the redshift determination.
	[image: thumbnail]	Fig. 8. Host galaxy absorption and emission lines in the X-shooter spectrum of SN 2020xga (panel a) −8.3 days and SN 2022xgc (panel b) +21.9 days after maximum light. The vertical lines illustrate the various redshift values of the galaxy lines. Panel a: In the spectrum of SN 2020xga,, the emission lines (dashed red lines) give a consistent redshift of z = 0.4287, whereas the strong (dashed blue line) and weak (dashed gold line) absorption lines indicate redshifts of z = 0.4283 and z = 0.4296, respectively. Panel b: The host galaxy lines (dashed gold line) of SN 2022xgc agree on a redshift of z = 0.3103.



We identified in the spectrum of SN 2020xga the galaxy’s narrow absorption Fe II doublet λλ2586, 2600 and Mg II doublet λ2796, 2803, and the galaxy’s narrow emission [O II] doublet λλ3727, 3729, Hβλ4861, forbidden [O III] doublet λλ4959, 5007 and narrow Hαλ6563. We found two galactic Fe II and Mg II absorption systems in the spectrum of SN 2020xga, with the stronger lines at a redshift of z = 0.4283 ± 0.0002 and the weaker lines at z = 0.4296 ± 0.0002. In addition, the host’s emission lines are consistent with a redshift of z = 0.4287 ± 0.0001. Throughout the paper, we chose the redshift of SN 2020xga, as the higher value, and hence we assumed z = 0.4296. We further discuss this implication in Sect. 6.
In the case of SN 2022xgc, the host galaxy is not detected in the images since it falls below the sensitivity limits of the surveys (see Table 1); however, host galaxy lines are detected in the X-shooter spectrum of SN 2022xgc. This is not unprecedented since it has been also seen in other SLSNe-I (e.g., Vreeswijk et al. 2014; Chen et al. 2015; Leloudas et al. 2015). The host galaxy lines displayed in the spectrum of SN 2022gxc are the narrow Fe II doublet λλ2586, 2600, the Mg II doublet λλ2796, 2803, the Mg Iλ2852 and Hαλ6563. These lines support a redshift of z = 0.3103 ± 0.0001 for SN 2022xgc.
4.2. Spectroscopic sequence
Figure 9 depicts the spectral evolution from −9.0 to +37.8 rest-frame days past maximum brightness of SN 2020xga and from −0.7 to +92.1 rest-frame days of SN 2022xgc from 2500 Å up to ∼10 000 Å. All spectra were taken during the photospheric phase. As the ejecta cools down, the spectra of both SN 2020xga and SN 2022xgc begin to resemble those of typical type Ic SNe, which is expected for SLSNe-I (Gal-Yam 2019a).
	[image: thumbnail]	Fig. 9. Spectral sequence of SN 2020xga (panel a) from −9 to +37.8 rest-frame days and SN 2022xgc (panel b) from −0.7 to +92.1 g-band rest-frame days. An offset in flux was applied for illustration purposes. The spectroscopic measurements have undergone absolute flux calibration to align with the photometric data. The spectra are corrected for MW extinction and are smoothed using a Savitzky-Golay filter. The original data are presented in lighter colors. Regions of strong atmospheric absorption are blue-shaded.



To identify the spectral lines in SN 2020xga and SN 2022xgc we used the medium-resolution X-shooter spectra due to their high S/N. For SN 2020xga, the spectra at −8.3 and +37.8 days were utilized, and for SN 2022xgc, we used those at +21.9 and +92.1 days. The line identification was done by comparing the spectra with well-studied SLSNe-I from the literature (e.g., Quimby et al. 2011, 2018; Inserra et al. 2013; Nicholl et al. 2015b; Gal-Yam 2019b), by modeling the earlier spectra at −8.3 days and +21.9 days (for SN 2020xga and SN 2022xgc, respectively) using the synthesis code SYN++ (Thomas et al. 2011) and finally by searching the National Institute of Standards and Technology (NIST; Kramida et al. 2022) atomic spectra database for lines above a certain strength, similar to what was done in Gal-Yam (2019b). Figure 10 depicts the X-shooter spectra of SN 2020xga and SN 2022xgc along with the most prominent features blueshifted by 6000–8000 km s−1 to match the absorption lines (see Sect. 4.3). The CaH [MYAMP] K and Mg I] lines in the spectra at +37.8 days and +92.1 days are shown at zero rest-frame velocity. The SYN++ modeling of the −8.3 day phase spectrum of SN 2020xga and the +21.9 day phase spectrum of SN 2022xgc can be found in Fig. D.1, while Table D.1 collects the best-fit parameter values obtained by the modeling.
	[image: thumbnail]	Fig. 10. X-shooter spectra of SN 2020xga (upper panel) at −8.3 and +37.8 days and SN 2022xgc (lower panel) at +21.9 and +92.1 days after maximum light. The spectra are corrected for MW extinction and are smoothed using a Savitzky-Golay filter. The original spectra are shown in lighter gray. The most conspicuous features are labeled. Uncertain line identifications are denoted with question marks. The ions beneath the spectrum are shown at the rest wavelength, whilst those above have been shifted to match the absorption component. The light blue regions represent the telluric absorptions.



In the early spectrum of SN 2020xga, SYN++ tentatively identify the strong W-shape feature between 3500–5000 Å with the O IIλ4358 and λ4651 that characterize the spectra of numerous SLSNe-I. A small contribution of C II might be present at the troughs of 4300 and 4550 Å. Comparison with other SLSNe-I showed that the absorption trough at 4300 Å is most likely a blend of Fe IIIλ4432 and O IIλ4357. Redward of the O II lines, the Fe IIλ4923 and λ5169 are present, but the Fe IIλ4923 falls into the telluric band and the Fe IIλ5169 is likely mixed with Fe IIIλ5129 (Liu et al. 2017). Above 5000 Å the early spectrum of SN 2020xga does not show any obvious feature. Blueward of 3500 Å a number of features are visible, but owing to severe blending the identification is challenging. The trough at 2670 Å is associated with Mg II, as is seen in other SLSNe-I, and the trough at ∼2880 Å has been observed in a number of SLSNe (e.g., Vreeswijk et al. 2014; Quimby et al. 2018; Gkini et al. 2024) and has been suggested by a few studies (Dessart et al. 2012; Mazzali et al. 2016; Quimby et al. 2018; Gkini et al. 2024) to have some contribution from Ti III, Fe III, Si III, C II and Mg II. Searching NIST, we discovered that the absorption at 3200 Å could be attributed to Fe IIλ3325 and Fe IIIλ3305. The feature at 3410 Å may be related with Fe IIλ3500.
In the spectrum of SN 2022xgc at +21.9 days the major ions that are securely identified by SYN++ are Fe II, Si II and Ca II. Comparison with other SLSNe-I revealed that the absorption trough at 2670 Å is due to Mg II. The absorption component at 2880 Å is stronger than what is seen in SN 2020xga and similar to the one observed in the SLSN-I SN 2020zbf (Gkini et al. 2024). As was previously stated, this component is likely a contribution of multiple elements, including Mg II. Searching the NIST, we identified some plausible contribution of Fe II between 3000 and 3600 Å, although the high level of blending makes this identification dubious. Additional Mg IIλ4481 may be present in the absorption feature at 4300 Å. Absorption from O II between 3500–5000 Å, as is seen in many SLSN-I spectra around the peak, is not present. Similarly to the case of SN 2020xga, we were unable to identify any line beyond 6500 Å in the spectrum of SN 2022xgc owing to low S/N.
The spectra of SN 2020xga at +37.8 days and SN 2022xgc at +92.1 days resemble the spectra of a SN Ic at maximum light (Pastorello et al. 2010; Quimby et al. 2011). Both objects show Ca IIλλ3966, 3934 (though in SN 2020xga the emission line is weak), Mg IIλ4481, Mg I] λ4571, and strong Fe II lines between 4000 and 5200 Å blueshifted by 7500 km s−1 (see Sect. 4.3) to match the absorption component. In SN 2022xgc, the strong absorption trough at 6230 Å is connected with Si IIλ6355, whereas in SN 2020xga, Si II may contribute to the weak absorption component at 6230 Å. The contribution of the O I triplet λλ7772, 7774, 7775 in the spectra of SN 2020xga and SN 2022xgc might be visible at 7580 Å, however owing to the low S/N, this identification is uncertain.
4.3. Ejecta velocities
The ejecta velocities of SLSNe-I and their evolution can be measured from the O II absorption lines at 3500–5000 Å at early phases (Quimby et al. 2018; Gal-Yam 2019b,a) and from the Fe II triplet λλ4923, 5018, 5169 (Branch et al. 2002; Nicholl et al. 2015a; Modjaz et al. 2016; Liu et al. 2017). In SN 2020xga, the O II lines with the most noticeable characteristic, the W-shape, are present from −9.0 to −1.6 days. The absorption troughs of O II are shifted by −8000 km s−1 and the velocity remains constant throughout the seven-day period. Chen et al. (2023b), studying a sample of 77 SLSNe-I, estimates the median O II velocity of the ZTF sample to be 9700 km s−1. To report a dispersion in this value we bootstrapped the 41 SLSNe-I from the ZTF sample with O II velocities within ±30 days post maximum light and propagated the measurement uncertainties with a Monte Carlo simulation. This process resulted in a median velocity of the ZTF-I sample of [image: equation] km s−1. Our estimated value of 8000 km s−1 for SN 2020xga is lower than the median but it is in the range of the velocities of SLSNe-I. In SN 2022xgc, the O II lines are not clearly visible in the early spectra, therefore we cannot determine the ejecta velocity using the O II ion.
The second method of measuring the ejecta velocity and following its evolution is to use the Fe II triplet as a tracer (Branch et al. 2002; Nicholl et al. 2015a; Modjaz et al. 2016; Liu et al. 2017). In Fig. 11, a zoomed-in view of the Fe II triplet region at −8.3 and +37.8 days post-maximum for SN 2020xga and at +21.9, +65.4, and +92.1 days post-maximum for SN 2022xgc is shown; we used the high-quality X-shooter spectra, since the low S/N of the low-resolution spectra prevent us from tracking the velocity evolution. In SN 2020xga, two absorption lines are visible, which we identified as Fe IIλ4923 and Fe IIλ5169. Since the Fe IIλ4923 suffer from telluric absorption, we utilized the Fe IIλ5169 line to estimate the velocities. In the X-shooter spectrum at −8.3 days after the peak, the marked absorption components match well with the Fe II triplet blueshifted by ∼8000 km s−1 despite the Fe IIλ4923 being veiled by tellurics. We note that this value may be underestimated due to contamination with Fe IIIλ5129. The resulting velocity from the Fe II lines is in agreement with the velocity estimated from the O II ion and the absorption components of other identified elements, such as Fe III. The strong features at 4770 and 5045 Å in the spectrum at +37.8 days suggest that the Fe IIλ4923 and λ5169 may be blueshifted by ∼7500 km s−1, which would result in a relatively constant velocity over a period of 50 days seen also in other SLSNe-I (Nicholl et al. 2013, 2015a, 2016; Liu et al. 2017).
	[image: thumbnail]	Fig. 11. Fe II triplet λλ4923, 5018, 5169 region of SN 2020xga (left panel) at −8.3 and +37.8 day spectra and SN 2022xgc at +21.9, +65.5 and +92.1 days spectra. A normalization and an arbitrary offset has been applied for illustration purposes. The spectra have been smoothed using the Savitzky-Golay filter and the original data are shown in lighter colors. The absorption features that correspond to the blueshift of the Fe II lines are denoted along with the velocities.



In Fig. 11, in the spectrum of SN 2022xgc we resolved three absorption lines that we identify as Fe IIλλ4924, 5018, 5169. At +21.9 days the troughs match with a ejecta velocity of ∼8100 km s−1, though the mismatch of the absorption at 4940 Å can be explained by a blend of Fe II with other ions. The triplet is better resolved in the spectra at +65.4 and +92.1 days and the velocity decreases by ∼1000 km s−1 within 70 days.
To compare these values with the ZTF sample, we plot in Fig. 12 the velocity evolution of 38 ZTF SLSNe-I with Fe II velocities, together with the velocity evolution of SN 2020xga and SN 2022xgc. The value of ∼8000 km s−1 measured from the pre-peak spectrum of SN 2020xga is lower than what we find in the ZTF sample, but not unprecedented since there are at least two SLSNe within ±20 days after the peak in the ZTF sample with Fe II velocities close to 8000 km s−1. In SN 2022xgc, the first measurement of the velocity is derived from the spectrum at +21.9 days following the peak. At this phase, the estimated value of 8100 km s−1 is within the velocity range of the ZTF sample at similar phases but lower than the bulk of the population. Both objects appear to evolve slower than the ZTF sample.
	[image: thumbnail]	Fig. 12. Fe II ejecta velocities of SN 2020xga and SN 2022xgc as measured from the X-shooter spectra as a function of time. The velocity evolution of the ZTF SLSN-I sample is shown in gray for comparison. The vertical dash-dotted line illustrates the phase of the maximum light.



4.4. Comparison with other hydrogen-poor superluminous supernovae
In Sect. 3.1, we compared the photometric properties of SN 2020xga and SN 2022xgc with the homogeneous ZTF sample (Chen et al. 2023a) and found that the light curve characteristics of SN 2020xga and SN 2022xgc are either average or span across the entire distribution, aside being very bright. However, SN 2020xga and SN 2022xgc display a spectroscopic signature rarely seen in SLSN-I spectra, and thus we seek to compare the spectra of SN 2020xga and SN 2022xgc with those of typical SLSNe-I.
In Fig. 13 (left), we compare the X-shooter spectra of SN 2020xga and SN 2022xgc at −8.3 and +37.8, and +21.9, +65.4 and +92.1 days after the peak, respectively, with a sample of well-studied SNe from the literature including PTF09cnd (Quimby et al. 2011, 2018), LSQ12dlf (Nicholl et al. 2014) and SN 2015bn (Nicholl et al. 2016). As was previously indicated, the pre-peak spectrum of SN 2020xga shows a strong O II series, similar to the one found in PTF09cnd, albeit the absorption components in PTF09cnd are shifted to higher velocities compared to the ones in SN 2020xga. The O II lines are also seen in the spectrum of SN 2015bn at the same phase as the pre-peak spectrum of SN 2020xga, although they are weaker than for SN 2020xga and PTF09cnd. The O II lines are not clearly seen in the spectra of SN 2022xgc and LSQ12dlf during the early photospheric phase, which could be explained by the fact that the conditions for O II excitation may not satisfied (e.g., Mazzali et al. 2016; Dessart 2019; Könyves-Tóth 2022; Saito et al. 2024).
	[image: thumbnail]	Fig. 13. Spectral comparison of SN 2020xga and SN 2022xgc with SLSNe-I from the literature. Left: Comparison of SN 2020xga and SN 2022xgc spectra with typical well-studied SLSNe-I at similar epochs. Right: SN 2020xga and SN 2022xgc spectra in comparison with SLSNe-I that display the second narrow Mg II absorption system. All spectra are corrected for MW extinction and have been smoothed using a Savitzky-Golay filter.



As the ejecta cool, the spectra of SN 2020xga and SN 2022xgc become similar to those of type Ic SNe at maximum, as anticipated for the typical SLSNe-I. Overall, the general shape of the spectra of SN 2020xga and SN 2022xgc both pre- and post-peak are similar to the spectra of typical SLSNe-I and do not present any unusual spectral properties aside the second narrow Mg II absorption system in the UV part of the spectrum, which is further discussed in Sect. 5. We note that in the spectra of SN 2020xga and SN 2022xgc more features are resolved than often seen in spectra of typical SLSNe-I, due to the high signal and good resolution of the X-shooter data.
In Fig. 13 (right), we compare the X-shooter spectra of SN 2020xga and SN 2022xgc with the spectra of SN 2018ibb and iPTF16eh at similar phases. SN 2020xga is the only object in this class that displays strong O II lines; the O II W-shape appears to be present in iPTF16eh but weaker than in SN 2020xga. In the spectra of SN 2022xgc and SN 2018ibb the Fe II triplet is resolved though the Fe IIλ5018 in the spectrum of SN 2022xgc at +21.9 days does not align with the absorption component. In contrast to SN 2020xga and iPTF16eh, which do not exhibit any obvious feature in the red part of the optical spectrum in the spectra near peak, both SN 2022xgc and SN 2018ibb show strong Si IIλ6355. As the temperature drops and elements from deeper inside are revealed, the spectra of all these objects become similar to those of standard type Ic SNe. However, SN 2018ibb (Schulze et al. 2024) develops features such as [O II], [O III], and [Ca II] at the early photospheric phase that are not common for SNe. The spectroscopic peculiarity along with the outstanding light curve timescales make SN 2018ibb a unique SLSN-I, which stands out even among the SLSNe-I that display the rare signature of the second Mg II system (Schulze et al. 2024).
5. Circumstellar material shell around SN 2020xga and SN 2022xgc
5.1. Modeling of the Mg II absorption lines
The X-shooter spectra of SN 2020xga and SN 2022xgc at −8.3 and +21.9 days, respectively, show two Mg II absorption systems. The positive identification of the second system as Mg II is supported by the absence of other transitions from the SN ejecta and the characteristic separation between the Mg II doublet components. In Fig. 14 a zoom-in region around the Mg II lines at ∼2800 Å of SN 2020xga and SN 2022xgc is presented in velocity space. The narrow Mg II systems at zero rest-frame velocity originate from the ISM of the host galaxies and are used for the determination of the SN redshift (see Sect. 4.1). The blueshifted Mg II systems are significantly broader (270 km s−1 for SN 2020xga and 500 km s−1 for SN 2022xgc) than expected for the ISM in dwarf host galaxies (Krühler et al. 2015; Arabsalmani et al. 2018) but also narrower compared to the SN features (> 1000 km s−1). This supports the hypothesis that these systems arise from fast-moving absorbing gas that is not part of the ejecta or the host galaxy. The only objects that showed such lines are iPTF16eh and SN 2018ibb and they have been associated with the existence of a rapidly expanding CSM shell expelled a few years before the SN explosion (Lunnan et al. 2018b). We rule out the possibility that the Mg II absorption reflects a peculiar composition of the ejecta, as this would require unusually high Mg abundances, in which case O and Ne lines would also be present in the spectra (Woosley et al. 2002).
	[image: thumbnail]	Fig. 14. X-shooter spectra of SN 2020xga at −8.3 days (top panel) and SN 2022xgc at +21.9 days (bottom panel). The spectra show resolved, narrow absorption lines from the host ISM (marked by the vertical dashed orange lines) and a blueshifted absorption line system (marked by the vertical dashed purple lines) from a CSM shell expelled shortly before the SN explosion.



To estimate the distance and the thickness of the CSM shell, we modeled the line profile of the Mg II doublet using a modified Monte Carlo scattering code. While the line profile from a spherically symmetric shell for a single scattering line can be calculated analytically (Fransson 1984), the doublet nature of the Mg II lines will cause scattering from the blue component by the red component that affects the line profiles. We therefore used a Monte Carlo code to model the line profile, based on the Monte Carlo code in Fransson et al. (2014) and Taddia et al. (2020), used for type IIn SNe. We assumed that the photons around 2800 Å produced in the SN “photosphere” are scattered by an expanding spherical shell with an inner radius of Rin and an outer radius of Rout. The scattering is assumed to be coherent and isotropic in the frame of the expanding shell. In reality, the background “continuum” is produced by lines from the expanding ejecta, most likely dominated by the broad Mg II lines (Sect. 4). We assumed that this continuum is given by the observed spectrum at velocities larger than that of the shell, and adjusted the background spectrum so that the total spectrum, “continuum” plus the scattered emission from the shell agreed with the observations. At the observed absorption velocity of the shell, the “continuum” flux was simply interpolated. Since there is no indication of thermal emission from the shell (contrary to the case of iPTF 16eh, Lunnan et al. 2018b), we neglected collisional excitation for the line profile, as well as other NLTE effects. Given that our primary interest is in the kinematics of the shell, which is only observed in the Mg II lines, a more detailed NLTE treatment is not justified. We did not include scattering by the thermal motions of the electrons, as the electron scattering depth of the shell should be small, and there are no indications of smooth, extended wings of the lines in our best S/N spectrum (Fig. 15), as is discussed in Hillier (1991).
	[image: thumbnail]	Fig. 15. Modeling on the Mg II doublets originating from the CSM shell (broad features) and the ISM of the host galaxy (narrow features) for SN 2020xga (top) and SN 2022xgc (bottom). The observed spectrum in the 2800 Å region is presented in gray and the best model fit is shown in red. The dashed blue line illustrates the SN continuum. For SN 2020xga we have marked the CaH [MYAMP] K lines from the MW.



We assumed that the expansion of the shell is homologous with V = Vmax(r/Rout), which is reasonable for a time-limited eruption, such as PPI or LBV eruptions. This configuration gives rise to the second Mg II system from the shell, which we observe as an emission and/or absorption lines on top of the SN photospheric flux. The homologous assumption is expected to break down when the fast moving ejecta catches up with the slower shell and hydrodynamically interacts. This is expected to either heat the shell to X-ray temperatures and ionize Mg almost completely, or, if it would radiatively cool, produce flat topped emission lines. There is no evidence for either case.
We assumed that the CSM is mainly characterized by an optical depth τ of the shell. In the Sobolev approximation (Sobolev 1957) this is for a homologous expansion given by
[image: thumbnail](5)
Here, A21 = 2.8 × 108 s−1 is the transition rate between the upper level 2 and lower level 1, n1 is the number density in the ground state, λ the wavelength, g1 = 2 and g2 the statistical weights of the lower and upper levels, respectively, and t the time from the eruption. For the 2795.5 Å line g2 = 4 and for the 2802.7 Å line g2 = 2. The relative depth of the blue and red Mg II doublet can be used to determine the optical depth. In the optically thin limit this ratio is 2.0, decreasing as the optical depth increases.
The shell is assumed to have a constant density, or, more precisely, a constant optical depth. Since the shells we are considering are geometrically thin, variations in density, such as a wind-like distribution where ρ ∝ r−2, are expected to have only a minor effect. Although this is a simplification, it is reasonable given the uncertainty in the details of the ejection process, such as the mass loss history during the eruption. In particular, the inner and outer radii of the shell should not be sensitive to this assumption.
The velocity range of the absorption from the shell gives a direct measure of the radial extent of the shell. For a homologous expansion of the shell and for a single line the minimum, Vblue and maximum, Vred, velocity of the absorption is given by
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For homologous expansion, α = 1, and for a constant velocity shell, α = 0. Determining the maximum and minimum velocities of the absorption we can therefore estimate the Rin and Rout of the shell relative to the photospheric radius. We note that the minimum velocity of the shell is not −Vred, but Vin = Rin/t. While we have here assumed homologous expansion, a shell with constant velocity only differs marginally in a slightly lower velocity unless the shell is very broad. The absorption line profile, however, differs from the homologous, lacking a flat bottom at the minimum absorption and instead being more V-shaped (see e.g., Figs. 4 and 5 in Fransson 1984). The observed absorption profiles for SN 2022xgc (Fig. 14) argue against a constant velocity shell, but is compatible with a homologous expansion. This is also the case for SN 2020xga (Fig. 14) and SN 2018ibb (see Sect. 5.2), although the S/N makes this conclusion marginal.
For homologous expansion, Eq. (6) can be inverted to show that
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The relative thickness of the shell, and therefore the depth of the absorption, decreases as the radius of the shell increases. The depth of the absorption therefore provides a constraint on the radius of the shell.
Figure 15 shows the observed data for SN 2020xga and SN 2022xgc around the 2800 Å region along with the modeled Mg II line profiles. For SN 2020xga there is good agreement between the model and the observations for Rin = 2.96 Rphot and Rout = 3.00 Rphot, where Rphot is the photospheric radius, and Vmax = 4275 km s−1. Using the blackbody radius we derived in Sect. 3.2 from the given observed spectrum, we estimate that the CSM shell is located at 1.29 ± 0.01 × 1016 cm and extends to 1.31 ± 0.01 × 1016 cm. The emission for the CSM shell is weak and consistent with the SN continuum. Given the derived distance of the shell and the estimated maximum velocity of 4275 km s−1, the shell was expelled [image: equation] months before the core collapse, assuming a constant shell velocity as is seen in the case of SN 2018ibb.
In SN 2022xgc the best-fit model is for a CSM shell with properties of Rin = 1.8 Rphot, Rout = 2.0 Rphot, Vmax = 4400 km s−1. This leads to a shell extending from 7.96 ± 0.03 × 1015 cm to 8.84 ± 0.03 × 1015 cm. Contrary to SN 2020xga, the emission from the CSM shell in SN 2022xgc is well above the SN continuum (dashed red line) and contributes significantly to the shape of the output spectra around the 2800 Å region. This is a result of the considerably broader CSM shell, which scatter a larger fraction of the photons outside the absorption lines. Utilizing the maximum velocity of 4400 km s−1 calculated by the absorption minima of the broad Mg II lines and assuming that the shell has not been decelerated, we estimate the time of CSM ejection to be [image: equation] months before the SN explosion. We caution that the error bars in the time of ejection reflect only statistical uncertainties and do not account for any systematic errors that may arise from uncertainties in the explosion date. However, uncertainties of a few days in the explosion date will not affect significantly the results.
The relative depth of the blue and red Mg II doublet in SN 2020xga indicate an optical depth of τ ≈ 0.5. Using Δr = (Vout − Vin)t for a homologous shell one finds for the column density of Mg II, N = n1Δr,
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which is also valid for large τ. For SN 2020xga, we find N(Mg II) ∼ 4.7 × 1012 cm−2. The uncertainty in τ, and therefore N(Mg II), is at least a factor of two. In the case of SN 2022xgc the lines are saturated with τ > 5 and we only find a lower limit of N(Mg II) > 4.7 × 1014 cm−2.
In both SN 2020xga and SN 2022xgc, the X-shooter spectra obtained at later epochs are very noisy in the UV part of the spectrum that we are interested in and any potential Mg II lines from the CSM shell cannot be resolved. Thus, we are not able to track the evolution of the Mg II line profiles, which could provide a hint about the geometry of the shell. We note that for this part of the analysis we used only the spectra obtained through our X-shooter program due to the high S/N and the particular sensitivity of the instrument in the bluer wavelengths.
5.2. Comparison with similar hydrogen-poor superluminous supernovae
Figure 16 shows a zoom-in of the Mg II region of all the four objects that have shown the high velocity CSM absorption systems. The Mg II doublets originating from the CSM have various shapes and are shifted by various velocities reflecting the diversity of the CSM shells located around the SLSNe. In iPTF16eh the broad Mg II lines are blueshifted by 3300 km s−1 and in SN 2018ibb by 2918 km s−1 indicating shells moving somewhat slower but still comparable to the ones in SN 2020xga and SN 2022xgc. The Mg II doublet in SN 2020xga is shallower compared to the rest of the objects, which supports the idea that a CSM in SN 2020xga is placed at larger radius with respect to its photosphere in comparison to the other three objects showing this signature in their spectra. On the other hand, the deep and blended Mg II lines in SN 2022xgc and iPTF16eh points toward broader CSM shells in comparison to SN 2020xga and SN 2018ibb.
	[image: thumbnail]	Fig. 16. Comparison of the broad Mg II lines originating from the CSM shells for SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF 16eh. The spectra are corrected for MW extinction. The vertical black lines mark the velocity of the absorption minima of the secondary Mg II lines.



Motivated by the above analysis for SN 2020xga and SN 2022xgc, we modeled the Mg II doublet line profile of SN 2018ibb (Schulze et al. 2024) using the X-shooter spectrum at +32.7 days after maximum to quantify the properties of the CSM shell (see Fig. 17). The best fit model is for a CSM shell with Rin = 2.00 Rphot, Rout = 2.14 Rphot and Vmax = 3200 km s−1. Using the photospheric-radius values reported in Schulze et al. (2024), we calculated a shell extended from 1.00 ± 0.05 × 1016 cm out to 1.07 ± 0.05 × 1016 cm. Similarly to SN 2022xgc, the emission from the shell contributes significantly to the spectrum of SN 2018ibb around the 2800 Å region. Using Eq. (8) we estimated the lower limit to the column density of Mg II in the CSM shell of SN 2018ibb to be N(Mg II) ∼ 9.2 × 1013 cm−2, in agreement with the value derived in Schulze et al. (2024). Finally, we estimated the time of the CSM expelling to be < 9 months before the core collapse given the high uncertainty of the explosion date in SN 2018ibb.
	[image: thumbnail]	Fig. 17. Modeling on the Mg II doublets originated from the CSM shell (broad features) and the ISM of the host galaxy (narrow features) for SN 2018ibb. The observed spectrum at the 2800 Å region is presented in gray and the best model fit in red. The dashed blue line illustrates the SN continuum.



In iPTF16eh (Lunnan et al. 2018b, see their Fig. 1), an intermediate-width Mg II emission appeared at ∼2800 Å approximately 100 days after explosion and was persistent for more than 200 days. During this timescale, the line centroid was shifting from −1600 km s−1 to 2900 km s−1, while the FWHM remained constant. This time- and wavelength-dependant emission line was associated with a resonance scattering light echo from a CSM shell. In the case of iPTF16eh, due to the low-resolution spectrum, the Mg II scattered shell emission was modeled instead to estimate the size and the thickness of the CSM. Lunnan et al. (2018b) find that the shell is located at ∼3.37 × 1017 cm, extended out to ∼3.55 × 1017 cm and was expelled ∼30 years before explosion. The CSM radius of iPTF16eh is almost an order of magnitude higher than the one derived from the modeling of SN 2020xga and SN 2022xgc. The evolution of the emerging Mg II emission line in iPTF16eh was used as diagnostic for the geometry of the shell, which according to Lunnan et al. (2018b) is found to be roughly spherical. Motivated by this study, Schulze et al. (2024) analyzed the spectra of SN 2018ibb between +230 and +378 days after the peak and detected Mg II in emission. However, due to heavy rebinning of the data, it is uncertain whether this emission line is connected with light echo from the CSM shell. In SN 2020xga and SN 2022xgc, we do not observe any variable Mg II in emission; thus, we cannot derive any conclusion about the geometry of the shell.
6. Host galaxy properties
6.1. Host galaxy of SN 2020xga
In Fig. 8 (left panel), two Mg II and Fe II absorption systems are resolved in the host galaxy of SN 2020xga. As is discussed in Sect. 4.1, the stronger system is at z = 0.4283 and the weaker one at z = 0.4296, with a velocity separation of ∼260 km s−1. These two absorbing systems could arise either as a consequence of gas cloud motions (infall or outflows of gas) in the host galaxy or from a neighboring galaxy intervening in the line of sight (e.g., Ledoux et al. 2006; Chen 2012; Møller et al. 2013; Friis et al. 2015). Since the emission lines from the star-forming regions are centered on a redshift in between the absorption components (z = 0.4287) and the velocity separation of ∼260 km s−1 is the typical difference in rotational velocity in a galaxy (Galbany et al. 2016), the scenario of mapping different regions of a single host galaxy is more likely (Friis et al. 2015).
The determination of the SN redshift in this case in not straightforward. Vreeswijk et al. (2014) showed that the absorbing gas responsible for the narrow lines in the spectrum of the SLSN iPTF 13ajg was produced by gas in the ISM located at least 50 pc from the SN. In addition, Friis et al. (2015), which presented a similar picture to SN 2020xga in terms of the lines of the GRB 121024A host galaxy, found that the absorbing clouds are not probing the actual GRB environment, but rather gas that has been photoionized by the GRB out to hundreds of parsecs. Although there are some distinctions between GRB and SLSN host galaxies (e.g., Vreeswijk et al. 2014; Lunnan et al. 2014; Ørum et al. 2020), both are tracers of star formation, and therefore the assumption that the SN redshift is same as the redshift of the emission lines would not be unreasonable. Alternatively, to break the redshift degeneracy we would need high-resolution imaging and spectroscopy of the host galaxy to resolve the morphology of the galaxy and to infer the SN location and measure the redshift of that location. However, since analyzing the host environment of SN 2020xga is out of the scope of this paper and the redshift values are different only in the third digit, we take as the redshift of the SN the highest value. We note that considering the redshift of the emission lines or the strong Mg II system would not affect our analysis and would not change significantly the results inferred from the CSM modeling.
6.2. Stellar population synthesis modeling
To infer the mass and SFR of the host of SN 2020xga, we modeled the observed SED built from the broadband photometry (Table 1) and the measured emission lines (Table 4) with the software package PROSPECTOR (Johnson et al. 2021) version 1.114. We assumed a Chabrier initial mass function (IMF; Chabrier 2003) and approximated the star formation history (SFH) by a linearly increasing SFH at early times followed by an exponential decline at late times (functional form t × exp(−t/t1/e), where t is the age of the SFH episode and t1/e is the e-folding timescale). The model was attenuated with the Calzetti model (Calzetti et al. 2000). The priors of the model parameters were set to be identical to the ones used by Schulze et al. (2021). The observed SED is adequately described by a galaxy model with a stellar mass of log [image: equation] and SFR of [image: equation] yr−1 (gray curve in Fig. 18), leading to a specific SFR of 10−8 yr−1. The values derived from the modeling of SN 2020xga are consistent with what is seen in the host galaxies of other SLSNe-I (Perley et al. 2016; Angus et al. 2019; Schulze et al. 2021).
	[image: thumbnail]	Fig. 18. Spectral energy distribution of the host galaxy of SN 2020xga (black data points). The solid line displays the best-fitting model of the SED. The red squares represent the model-predicted magnitudes. The fitting parameters are shown in the upper-left corner. The abbreviation ‘n.o.f.’ stands for the number of filters.



6.3. Emission line diagnostics
Using the narrow emission lines from the galaxy present in the X-shooter spectra of SN 2020xga at +37.8 days and SN 2022xgc at +21.9 days, we can derive some properties of the two SLSN hosts regarding their metallicity, SFR, and host galaxy extinction. After calibrating the spectra to the photometry and correcting for MW extinction, we measured the fluxes of the emission lines utilizing the python package LIME (Fernández et al. 2024). The resulting flux values are listed in Table 4.
Table 4. 
Observed host galaxy emission line fluxes of SN 2020xga and SN 2022xgc.

We used the Balmer decrement to measure the host galaxy extinction of SN 2020xga, and found a value of Hα/Hβ = 2.3 ± 0.9, which is consistent within the uncertainty with the theoretical ratio of 2.87 for no extinction (assuming Case B recombination and a temperature of 10 000 K; Osterbrock & Ferland 2006); thus we did not apply any host galaxy extinction correction to the SN 2020xga photometry. In the spectrum of SN 2022xgc only the Hα line was detected, thus we cannot estimate the extinction of SN 2022xgc’s host.
The SFR can be derived from the luminosity of Hα emission line using the Kennicutt (1998) relation and the relation from Madau & Dickinson (2014) to convert from the Salpeter to the Chabrier IMF in the Kennicutt (1998). This gives a SFR of 0.24 ± 0.03 M⊙ yr−1 for SN 2020xga and 0.009 ± 0.003 M⊙ yr−1 for SN 2022xgc assuming zero host extinction. The value for SN 2020xga is lower than what is inferred from the SED modeling but not unprecedented compared to what is seen among SLSN host galaxies, while the value for SN 2022xgc points toward a ultra-faint dwarf galaxy (e.g., Perley et al. 2016; Angus et al. 2016).
Since we do not detect the auroral line [O III] λ4363 in the spectrum of SN 2020xga, we are limited to strong-line metallicity diagnostics, such as R23, O3N2, or N2 (Pagel et al. 1979; Pettini & Pagel 2004; see discussion in Kewley & Ellison 2008). The O3N2 and N2 indexes require the [N II] line flux that evaded detection. Thus, we used the R23 index with the calibrations of Jiang et al. (2019), and the non-detection of [N II] to break the degeneracy. We calculated for SN 2020xga [image: equation] dex. Taking the solar value to be 12 + log(O/H)⊙ = 8.69 dex (Asplund et al. 2021), this corresponds to a metallicity Z = 0.2 Z⊙. The metallicity of SN 2020xga is in agreement with the values reported for other SLSN-I host galaxies (< 0.5 Z⊙; e.g., Lunnan et al. 2014; Leloudas et al. 2015; Perley et al. 2016; Chen et al. 2017; Schulze et al. 2018). We do not derive any metallicity measurement for the host of SN 2022xgc due to the lack of detection of emission lines originating from the host galaxy in the spectrum of SN 2022xgc.
7. Discussion
7.1. The origin of the circumstellar material
In Sect. 5, we modeled the broad Mg II lines in the spectra of SN 2022xgc and SN 2020xga originating from CSM shells located around the SNe. The question that we need to address is what process led to the ejection of the material that generated the CSM at this distance and these velocities. Our findings indicate that this material was expelled less than a year before the core collapse in the final stages of stellar evolution, supporting a scenario of eruptive mass loss, since line-driven winds have much longer timescales than the evolutionary timescales at the post-MS phase.
One scenario to explain the detected CSM shells is the giant eruptions of LBV stars. The best observed example is the “Great Eruption” of η Carinae in 1843 in which 12 − 20 M⊙ (or more; Smith et al. 2003) of material was ejected within a decade, moving at velocities between 650 − 6000 km s−1 (Davidson et al. 2001; Currie et al. 2002; Smith 2002, 2008; Smith & Morse 2004). The geometry of ejecta-nebulae in LBV eruptions can be very anisotropic, as is observed in η Carinae. Although the causes of LBV eruptions are still unknown, several theories have been proposed (e.g., Davidson 1987; Owocki et al. 2004; Smith et al. 2003; Smith 2006, 2008; Woosley 2017; Akashi & Kashi 2020; Cheng et al. 2024).
For iPTF16eh, Lunnan et al. (2018b) did not exclude an LBV-like eruption as a possibility for the formation of the CSM shell located around the SN. However, the spherically detached shell seen in iPTF16eh is not consistent with the asymmetric CSM structure may be expected in this type of eruption (see Fig. 1 in Smith 2008). Since in the spectra of SN 2022xgc and SN 2020xga the shell velocities of ∼4000 km s−1 are consistent with an LBV-related eruption and the geometry of the shells cannot be constrained (see Sect. 5), previous massive ejection such as that in an LBV cannot be ruled out.
The LBV eruptions have also been discussed that could be driven by the PPI mechanism (Woosley 2017), which occurs for a He core in the mass range of 30 − 65 M⊙ (Woosley et al. 2007). For the PPI, the primary parameter determining the duration between the shell ejections and the ultimate core collapse, as well as the expelled mass and their kinetic energy, is the mass of the He core MHe (Woosley 2017; Leung et al. 2019; Marchant et al. 2019). The time interval could range from a few hours up to 10 000 years. For MHe < 40 − 42 M⊙, the energy released is insufficient to unbind significant amounts of material, resulting in multiple weak pulses (Woosley 2017; Renzo et al. 2020), whereas for MHe > 50 M⊙, the time delay between strong pulses becomes long, forming shells at distances greater than the photospheric radius of the SN (Woosley 2017). We note that the PPI scenario is addressed in relation to the mechanism responsible for forming the observed CSM shells, rather than as a powering mechanism for SN 2020xga and SN 2022xgc (see discussion in Sect. 7.4).
For SN 2020xga, the CSM was estimated to be expelled ∼11 months before the SN explosion. This value corresponds to that of a pure He core of 51 M⊙ with no rotation and zero metallicity in the study of Woosley (2017). Exploring the models of Woosley (2017) for the blue supergiant progenitors developed using the KEPLER code (Weaver et al. 1978; Weaver & Woosley 1993; Woosley et al. 2002), we found that the model best describing the observed CSM properties of SN 2020xga is the B105. Assuming that the material in the B105 model has been ejected in one strong pulse ∼2 years before the core collapse, at the time of the detection, the shell is moving at ∼2700 km s−1 at a radius of about 1.8 × 1016 cm. The shell velocity derived from Woosley (2017) model is substantially lower than our prediction, but its distance is comparable to our estimated value for SN 2020xga. The model B100, on the other hand, has slightly higher velocity, but at the moment of detection, the shell is four times closer to the SN than in our model. We note that the exploration of these models focuses on the properties of the CSM shell resulting from their ejection, and we do not intend to directly link these models to the light curve properties of SN 2020xga and SN 2022xgc.
The discrepancy between the observed properties of the CSM and the predicted CSM properties from Woosley (2017) models may stem from our assumption that the material was ejected in a single pulse, which is unlikely for stars of these masses (see Table 1 in Woosley 2017; Marchant et al. 2019). However, assuming that the models must have at least one pulse on a time-scale equivalent to the ejection time of the CSM shell we observed, we could set a lower limit on the stellar mass. Thus, in SN 2020xga given that the shell was ejected ∼11 months before the core collapse, the mass of the progenitor should be > 51 M⊙ for zero metallicity, within this framework. The lower limit corresponds to the case in which the CSM was formed in the first pulses. An upper limit is harder to set because it is closely related to the energetics of the PPI, the number of pulses and the timescales between the pulses; however, if restricted by the PPI regime it must be < 62 M⊙.
A similar comparison can be done with the H-free low metallicity models developed by Marchant et al. (2019) with the MESA software (Paxton et al. 2011, 2013, 2015, 2018). In this study, the limit goes down to 47 M⊙ presumably due to the fact that the models of Marchant et al. (2019) consider mass loss by stellar winds. This value is consistent with the modeling of Renzo et al. (2020) (see their Table C.1), and the shell velocities resulting from their simulations can be similar to the ones found in the spectrum of SN 2020xga.
A comparable analysis for SN 2022xgc indicates that the predicted ejection timeframe of ∼5 months corresponds to the model with > 50 M⊙ of pure He core (Woosley 2017) for zero metallicity, and > 46 M⊙ when low metallicity is taken into consideration. However, given the variations in the shell velocities in SN 2020xga and SN 2022xgc, and therefore in the energetics, the properties of the progenitor stars of SN 2020xga and SN 2022xgc are likely to be different. According to Renzo et al. (2020), even a difference of only 0.2 M⊙ across the models may result in distinct PPI characteristics.
As is discussed in Leung et al. (2019), there are substantial quantitative differences for the same He core mass between the models of Woosley (2017), Marchant et al. (2019) and by extension Renzo et al. (2020), including ejected masses and time intervals between the pulses that can be traced back to the treatment of shocks and convection. We note that none of the aforementioned models have been constructed to match the observable CSM properties of SN 2020xga and SN 2022xgc and that tuning is required to obtain better estimates for the shell properties; however, a qualitative comparison could provide some limits for the mass of the progenitor star that undergoes PPI before the final SN explosion. The threshold for the He-core progenitor mass could be further reduced if rotation is considered, as the induced chemical mixing could enable the formation of the required He-core in lower-mass stars compared to nonrotating models (Chatzopoulos et al. 2012; Woosley 2017).
The discussion of SN 2018ibb in the context of PPI is challenging as it is considered the best candidate of a PISN (Schulze et al. 2024). PISN can be the end fate for stars with He cores between 65 − 130 M⊙ (Heger & Woosley 2002), where the energy produced by the pair creation obliterates the entire star. There are no models of PI SNe that also show eruptions similar to the PPI SNe, although this needs further investigations. However, Schulze et al. (2024) supports the presence of a CSM shell surrounding SN 2018ibb based on the spectroscopic signs of interaction between the ejecta and the shell. The presence of CSM in SN 2018ibb was also supported by our modeling in Sect. 5. The formation of CSM shells has been discussed by Schulze et al. (2024) in the context of an LBV-like eruption analogous to the one in η Carinae.
To strengthen the hypothesis of eruptive mass loss in SN 2020xga and SN 2022xgc, we analyzed the available ATLAS and ZTF forced photometry between 400 days pre-explosion and the time of explosion, paying particular attention to the estimated timeframes of the mass ejections to see if there is any detection. In SN 2022xgc, the time of eruption falls into the gap owing to the solar conjunction, therefore we cannot detect any light from the putative blast. In the case of SN 2020xga, we were unable to find any meaningful detection at ∼10 months before explosion, but merely upper limits, implying that the eruption was probably fainter than the detection limits. Strotjohann et al. (2021) searched systematically for precursor eruptions hundreds of days before the explosion in a sample of SNe at z < 0.14. Their sample include one SLSN-II with z ≈ 0.20 in which a precursor is detected; however, Strotjohann et al. (2021) mentioned that at this progenitor distance the activity is more likely associated with AGN rather than stellar flares. Thus, it is not surprising that we do not detect any activity in the light curve prior to the explosion of SN 2020xga and SN 2022xgc given the distances of these two objects (z = 0.4296 and z = 0.3103).
The analysis of the four SLSNe that exhibit the broad Mg II absorption system, revealing the existence of a CSM shell expelled less than a year before the core collapse, has demonstrated that determining the expelling mechanism is challenging because various mechanisms could result in the formation of CSM at such distances. One possible hint to distinguish the various eruptive mass loss mechanisms could be to constrain the geometry of the CSM shells. In the future, improved modeling of the very final moments of massive stars will be necessary to comprehend the star’s late activity and the mechanisms that lead to the formation of the CSM shells.
7.2. When the ejecta will interact with the circumstellar material shell
As is discussed throughout the paper, the second Mg II absorption system in the spectra of SN 2020xga and SN 2022xgc is explained by resonance-line scattering of the SLSN background photospheric emission by a rapidly expanding CSM shell located at a few 1016 cm. To calculate the time of interaction tint of the ejecta with the fast moving material, we assume that the inner radius of the shell is equal to the distance covered by the outer layer of ejecta. This is given by
[image: thumbnail](9)
where Vej, max is the velocity of the outer layer of the ejecta, terup is the time of eruption before explosion, and Vin is the minimum velocity of the shell (see definition in Sect. 5). From the spectra of SN 2020xga, we measure a maximum ejecta velocity of ∼13 000 km s−1 using the O II lines. Using the predicted value for Rin in Sect. 5 for the spectra at −8.3 days, we calculated the Vin = 4210 km s−1. Thus, from Eq. (9) we computed that the ejecta will collide with the CSM [image: equation] days after explosion and [image: equation] days after maximum, provided that the rise of the light curve from the first light is [image: equation] days. We do not have any spectroscopic or photometric observation at the time of collision to detect any possible interaction signature in SN 2020xga.
Following the same technique for SN 2022xgc, and measuring a maximum velocity of 11 500 km s−1 from the Fe II triplet and Vin = 3960 km s−1, we estimated a collision time of [image: equation] days after the explosion. Given that the rise from the time of first light is [image: equation] days, the ejecta will interact with the CSM [image: equation] days after maximum. This suggests that when we obtained the X-shooter spectra +21.9 days after the peak, the ejecta had more likely already begun interacting with the CSM shell. In addition, in Fig. 4 the blackbody radius of SN 2022xgc at +55 days after the peak is 1 × 1016 cm, similar to the radius of the CSM, strengthening the hypothesis that the ejecta have interacted with the CSM at the time of our observations. We do not see any emerging emission line in the spectra of SN 2022xgc, that could have offered information on the CSM interaction; however, this could be due to the fact that the spectral lines are highly sensitive to the density profiles of the ejecta and the CSM (e.g., Fransson 1984; Chevalier & Fransson 2017; Chatzopoulos et al. 2012). Furthermore, the polarimetry of SN 2022xgc does not reveal any evidence of asymmetry that may come from the interaction of the ejecta with the CSM shell, which we anticipate to have happened during the period of time covered by the polarimetry (+26.1 days and +60.1 days after the peak). The effect of the CSM interaction might start becoming visible at around 80 post-peak days at which the light curve of SN 2022xgc (see Fig. 2) shows a potential flattening in the gcr filters. We should highlight that the computed time of interaction for SN 2020xga and SN 2022xgc should be taken with caution since it is highly dependent on the (uncertain) maximum velocity and the explosion date.
Motivated by the above discussion for SN 2020xga and SN 2022xgc, we conducted the same calculations for SN 2018ibb to check whether our predicted values are consistent with the timescales stated in Schulze et al. (2024). Using the maximum velocity reported in Schulze et al. (2024) of 12 500 km s−1 and the estimated Rin, we found that the ejecta of SN 2018ibb is predicted to interact with the CSM ∼90 days after explosion. The rise time of the SN 2018ibb is > 93 days, implying the interaction occurred during the rise. The light curve of SN 2018ibb shows bumps and undulations in various bands post peak. Furthermore, the [Ca II] emission line, which was already present in the spectrum of SN 2018ibb at −1.4 days, and the [O II] and [O III] emission lines appear approximately +30 days after maximum light, has been associated with the CSM shell. These timescales agree with our predicted interaction time.
7.3. The composition and mass of the circumstellar material shells
The determination of the chemical composition of the CSM shells in SN 2020xga and SN 2022xgc is hampered by a lack of observations. In SN 2020xga, we do not have observational data at our estimated time of interaction, while for SN 2022xgc, even though we found that the ejecta had already started interacting with the CSM shell at the time we obtained the spectra, there are no spectroscopic interaction signatures such as narrow emission lines. This does not necessarily imply that the CSM of SN 2022xgc is H-, He-, and O-free; rather, the evidence of interaction has yet to be revealed.
The Mg II doublet lines that we observed from the CSM are one of the few resonance lines of abundant elements in the observed part of the spectrum along with the Ca IIλλ3968.5, 4226.7, the Na Iλλ5890.0, 5895.9 and the K Iλλ7664.9, 7699.0 (Morton 2003). Due to the fact that Na I and K I have a low ionization potential, and Ca is less abundant and has a lower ionization potential than Mg, these lines are ionized by the SN continuum. Thus, it is not surprising that we observe only the Mg II doublet from the CSM. The far-UV rest frame below ∼2000 Å contains a large number of resonance lines, as well as intercombination lines of abundant ions such as CII-IV, NII-V, OI-IV, which could be used for a more constraining abundance determination. This would, however, require either observations with HST or a SLSN at considerably higher redshift.
Assuming that the CSM shell of SN 2020xga and SN 2022xgc are H-dominated and using the same method as in Lunnan et al. (2018b), we could put an upper limit on the H mass of the shell by utilizing the luminosity of Hα. We assumed that the CSM Hα peak is blueshifted from the host Hα by the velocity of the CSM measured from the Mg II doublet and that the line profile of the CSM Hα is similar to the estimated Mg II emission one extended to the maximum velocity of the CSM Mg II absorption. We found that LHα < 1.8 × 1038 erg s−1 and LHα < 1.2 × 1039 erg s−1 for SN 2020xga and SN 2022xgc,, respectively. This yields a limit of Mshell < 0.03f0.5 M⊙ for SN 2020xga and Mshell < 0.02f0.5 M⊙ for SN 2022xgc where f is the filling factor. These CSM masses are substantially lower than the values for ejected masses expected in Woosley (2017), Marchant et al. (2019), and Renzo et al. (2020), indicating that the shell is most likely not dominated by H and that the H envelope must have been lost before this eruption. This is also evident in SN 2018ibb in which the absence of H and He lines throughout the entire spectral evolution of SN 2018ibb and the existence of O lines suggests that the CSM shell must be O-dominated and any H and He must reside at much larger radii (Schulze et al. 2024).
7.4. What powers SN 2020xga and SN 2022xgc
In Sect. 3.4, we modeled the light curves of SN 2020xga and SN 2022xgc with the REDBACK software, assuming they are powered by a magnetar. The modeling resulted in very rapidly spinning magnetars (1.6 and 0.9 ms, respectively) with ejecta masses of 7 − 9 M⊙, consistent with what is seen in SLSNe-I (Chen et al. 2023b; Gomez et al. 2024). However, the spin period in the case of SN 2020xga and SN 2022xgc approaches the mass-shedding limit (Watts et al. 2016), which suggests that in order to explain the very high luminosities observed in SN 2020xga and SN 2022xgc with the magnetar model, the magnetar must produce energy near to its upper limits without being destabilized.
A remaining question is how a star more massive than ∼50 M⊙ can explode with ∼9 M⊙ of ejecta. The stars massive enough to satisfy the PPI conditions form Fe cores, which tend to collapse rather than explode (e.g., Heger & Woosley 2002). However, Woosley et al. (2007) discuss a possibility in which a massive star (with initial mass of ∼95 M⊙) with mild rotation and magnetic torques may have enough angular momentum in its Fe core to form a NS with a period of 2 ms. Furthermore, Woosley (2017) investigated the explosions of numerous PPI models, including the model of a 50 M⊙ He-core, and discovered that the light curve produced is compatible with observations of some of the brightest SLSNe-I and therefore, in accordance with the observables of SN 2020xga and SN 2022xgc. In the case of the formation of a NS, Lunnan et al. (2018b) argue that the magnetic field must be > 1015 G initially to allow the star to explode, but then it must decay to < 1014 G to power the light curve for longer timescales. This scenario would require a high level of fine-tuning in the rotation of the star since it is expected to have a key part in the star’s final death and consequently in the SN explosion.
Alternative scenarios include SN 2020xga and SN 2022xgc being PPISNe, or powered by fallback accretion into a black hole or CSM interaction. The observed radiated energies of > 1.8 × 1051 erg and > 0.9 × 1051 erg for SN 2020xga and SN 2022xgc, respectively, cannot be reproduced by the PPISN scenario because the maximum energy of the pure PPISN models is ∼5 × 1050 erg unless there is a contribution from a magnetar (Woosley 2017). The fallback scenario proposes that the star only partially explodes, resulting in a weak SN explosion and fallback accretion on the equatorial plane (e.g., Dexter & Kasen 2013; Woosley 2017; Moriya et al. 2018). While the fallback material is accreted onto the black hole, the resulting outflows can come in the form of disk winds or jets and they may interact with previously ejected material, causing a significant impact in the SLSN-I light curves. We fit the light curves of SN 2020xga and SN 2022xgc with the fallback model from Moriya et al. (2018). Assuming an 100% accretion efficiency, we would need 5 M⊙ of accreted mass to power both SN 2020xga and SN 2022xgc. Assuming a more realistic efficiency of 10−3 (Moriya et al. 2018) would require an accreted mass of 5000 M⊙, which we deem unrealistic. The efficiency could be on the order of 10% if a jet is formed (Gilkis et al. 2016), implying an accretion mass of 50 M⊙. This would be consistent with the “missing” ejecta in the PPI scenario of SN 2020xga and SN 2022xgc. However, there is no evidence of a jet in our data (see Sect. 3.5 for SN 2022xgc). Nevertheless, given the low ejecta mass inferred from the relatively short rise times of the light curves of SN 2020xga and SN 2022xgc, the fallback accretion scenario cannot be ruled out as a plausible powering mechanism.
Finally, we explored the scenario in which SN 2020xga and SN 2022xgc are powered by the interaction of the ejecta with CSM. We modeled the light curves using REDBACK and the CSM+Ni (Chatzopoulos et al. 2012) model, and found that the ejecta and CSM masses range from 1 − 3 M⊙ and 35 − 50 M⊙, respectively. While these findings may seem unphysical, they are not unprecedented, as semianalytic models (Chatzopoulos et al. 2012) and hydrodynamic simulations (Moriya et al. 2013, 2018; Sorokina et al. 2016) have shown to yield conflicting results. The development of consistent radiation-hydrodynamic simulations is necessary to properly model the light curves of SLSNe-I, similar to what has be done in Dessart et al. (2015). However, considering that these stars expel material prior to their explosion, and particularly in the case of SN 2022xgc, the presence of the three early r-band data points, along with the fact that the ejecta is estimated to have interacted with the CSM during our observations, we conclude that CSM interaction could contribute to the light curves of SN 2020xga and SN 2022xgc.
Determining the powering mechanism of the light curves of SLSNe-I is still an open question and especially in the high mass ranges in which the “explodability” is highly uncertain (e.g., Ertl et al. 2016; Coughlin et al. 2018; see discussion in Renzo et al. 2020). Our observations put limitations on any progenitor model by requiring a significant mass ejections less than a few years before explosion.
8. Conclusions
In this work, we provide optical observations of the H-poor SLSNe-I SN 2020xga and SN 2022xgc covering −44 to +59 and −59 to +110 days after maximum light, respectively. Our key findings are as follows:

	
SN 2020xga and SN 2022xgc are among the most luminous SLSNe-I, with Mg = −22.3 mag and Mg = −22.0 mag, respectively.



	
The spectra of SN 2020xga and SN 2022xgc show a second Mg II absorption system coming from the CSM surrounding the SNe, but are otherwise similar to the spectra of normal SLSNe-I.



	
The modeling of the narrow Mg II results in a CSM shell for SN 2020xga located at ∼1.3 × 1016 cm and for SN 2022xgc located at ∼0.8 × 1016 cm moving at maximum velocity of 4275 km s−1 and 4400 km s−1, respectively.



	
The CSM shells of SN 2020xga and SN 2022xgc were expelled less than a year before the core collapse as a result of eruptive-mass loss in the form of LBV-like eruptions or PPI.



	
The light curve modeling of SN 2020xga and SN 2022xgc is consistent with magnetar-powered SNe with an ejecta mass of about ∼7 − 9 M⊙ with magnetars near the mass-shedding limit.



	
The PPI scenario suggests He cores > 50 M⊙, which is incompatible with the findings of the light curve modeling; hence, alternatives such as fallback accretion and CSM interaction are discussed.



	
The host galaxy properties of SN 2020xga and SN 2022xgc are similar to the ones of typical SLSN-I host galaxies and point toward dwarf galaxies.




In this paper, we focus on the extensive analysis of two objects that show the spectroscopic signature of the presence of a CSM shell expelled less than a year before the core collapse. The analysis of the whole high-quality X-shooter spectral sample constraining the fraction of SLSNe that show evidence of eruptive mass loss and establishing observational limitations will be addressed in a future work. The discovery of these objects can provide an insight into the late stages of stellar evolution as well as a better knowledge of SLSN-I progenitors.

[bookmark: S35]Data availability
The photometric data for SN 2020xga and SN 2022xgc are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/694/A292. All spectra of SN 2020xga and SN 2022xgc have been uploaded to the WISeREP15 archive (Yaron & Gal-Yam 2012). The corner plots of SN 2020xga and SN 2022xgc resulting from the REDBACK modeling are available at https://zenodo.org/records/14565605.


1 Reported in Transient Name Server.


2 https://fallingstar-data.com/forcedphot/


3 https://gist.github.com/thespacedoctor/86777fa5a9567b7939e8d84fd8cf6a76


4 https://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_zfps_userguide.pdf


5 https://telescope.livjm.ac.uk/cgi-bin/lt_search


6 https://github.com/Astro-Sean/autophot


7 https://github.com/jkrogager/PyNOT


8 https://github.com/svalenti/pessto


9 https://github.com/astropy/astroscrappy


10 https://github.com/jselsing/XSGRB_reduction_scripts


11 https://pypeit.readthedocs.io/en/release/


12 https://github.com/finagle29/dbsp_drp


13 https://github.com/ishivvers/TheKastShiv


14 PROSPECTOR uses the FLEXIBLE STELLAR POPULATION SYNTHESIS [FSPS] code (Conroy et al. 2009) to generate the underlying physical model and PYTHON-FSPS (Foreman-Mackey et al. 2014) to interface with FSPS in PYTHON. The FSPS code also accounts for the contribution from the diffuse gas based on the CLOUDY models from (Byler et al. 2017). We use the dynamic nested sampling package DYNESTY (Speagle 2020) to sample the posterior probability.


15 https://www.wiserep.org
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Appendix B:  Spectroscopic data
Table B.1. 
SN 2020xga spectroscopic observations.

Table B.2. 
SN 2022xgc spectroscopic observations.


Appendix C:  Polarimetry data
The log of the polarimetry obtained on SN 2022xgc using ALFOSC on the NOT discussed in Sect. 2.5 is presented in Table C.1. The results discussed in Sects. 2.5 and 3.5 are given in Table C.2.
Table C.1. 
Observations log of the imaging polarimetry observations. N.A. means Not Available.

Table C.2. 
Polarimetry results on SN 2022xgc obtained in the R-band and V-band Bessel filters. (a): Stokes parameters, [image: equation] and [image: equation], directly obtained from the ALFOSC data frames Extraordinary and Ordinary images without applying any further corrections. (b): instrumental polarization corrected. (c): instrumental polarization corrected and polarization angle corrected. (d): instrumental polarization corrected, polarization angle corrected and bias corrected.


Appendix D:  SYNOW+ results
	[image: thumbnail]	Fig. D.1. The SYN++ modeling of one of the spectra of SN 2020xga (left) and SN 2022xgc (right). The observed spectra (black lines) are corrected for interstellar reddening and redshift, and continuum-normalized for clarification. The best-fit model obtained using SYN++ is shown with blue and green colors, while the contribution of the single ions to the model are plotted with orange, and shifted vertically.



Table D.1. 
Best-fit parameter values of the SYN++ modeling of the spectra of SN 2020xga and SN 2022xgc. The fit parameters are the following: the velocity at the photosphere (vphot [103 km s−1]), the photospheric temperature (Tphot [1000 K]), the optical depth of each ion (log τ [–]), the inner velocity of the line forming region (vmin [103 km s−1]), the outer velocity of the line forming region (vmax [103 km s−1]), the scale hight of the optical depth (aux [103 km s−1]), and the excitation temperature of each ion (Texc [1000 K]).
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All Figures
	[image: thumbnail]	Fig. 1. Images of the fields of SN 2020xga (a) and SN 2022xgc (b). Panel a: Legacy Survey DR10 image of the field of SN 2020xga before explosion. A faint host galaxy at the SN position is visible, marked by the white crosshairs. Right: gri composite image of the SN near peak from Liverpool Telescope (LT). Panel b: Pan-STARRS image of the field of SN 2022xgc before explosion. The SN position is marked by the white crosshairs. Right: gri composite image of the SN near peak from the LT. All images have a size of 2 × 2 arcmin and have been combined following the algorithm in Lupton et al. (2004).
In the text



	[image: thumbnail]	Fig. 2. Optical light curves of SN 2020xga (left panel) and SN 2022xgc (right panel). The magnitudes are corrected for MW extinction and K-correction. Upper limits are presented as downward-pointing triangles in a lighter shade. The epochs of the spectra are marked as thick lines at the top of the figure. The dashed line represents the estimated time of the first light. The x axis is in rest-frame days with respect to the rest-frame g-band maximum.
In the text



	[image: thumbnail]	Fig. 3. Comparison of the photometric properties of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh with the ZTF SLSN-I sample (Chen et al. 2023a). Top: KDE distribution of the Mg peak magnitudes for 78 ZTF SLSNe-I. Second: KDE plot of the e-folding rise time for 69 ZTF SLSNe-I. Third: e-folding decline time distribution for 54 ZTF SLSNe-I. Bottom: Rest-frame peak g − r color distribution for 39 ZTF SLSNe-I. The vertical colored lines along with the errors (shaded regions) illustrate the positions of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh and the vertical black lines the median values of the ZTF sample.
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	[image: thumbnail]	Fig. 4. Blackbody temperatures and radii of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh. Top: Temperature evolution of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh derived from the blackbody fits to the photometric (circle symbols) and the spectroscopic (star symbols) data. The gray background points represent the temperature evolution of the ZTF sample (Chen et al. 2023a). Bottom: Blackbody radius evolution of SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF16eh utilizing photometry and spectra in comparison with the ZTF sample (gray). The arrows indicate the epochs where the X-shooter spectra of SN 2020xga and SN 2022xgc show the second Mg II absorption system.
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	[image: thumbnail]	Fig. 5. Bolometric light curves of SN 2020xga and SN 2022xgc with bolometric corrections applied. The circles correspond to the derived luminosities using gro filters and the open square symbols illustrate the bolometric luminosity assuming the same bolometric correction as the nearest epochs with multiband data. The error bars represent statistical errors.
In the text



	[image: thumbnail]	Fig. 6. Rest-frame g-band absolute magnitude light curves of SN 2020xga and SN 2022xgc in comparison with iPTF16eh and SN 2018ibb. The magnitudes are K-corrected and corrected for MW extinction. The x axis is in rest-frame days with respect to the g-band peak, with the exception of iPTF16eh, where the u band was utilized for estimating the peak owing to the lack of data in the rising part of the g-band light curve.
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	[image: thumbnail]	Fig. 7. Multiband light curves of SN 2020xga (left panel) and SN 2022xgc (right panel) with their resulting fits from REDBACK. The solid colored lines indicate the light curves from the model with the maximum likelihood, while the shaded areas depict the 90% credible interval. The x axis is in rest-frame days with respect to the rest-frame g-band maximum.
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	[image: thumbnail]	Fig. 8. Host galaxy absorption and emission lines in the X-shooter spectrum of SN 2020xga (panel a) −8.3 days and SN 2022xgc (panel b) +21.9 days after maximum light. The vertical lines illustrate the various redshift values of the galaxy lines. Panel a: In the spectrum of SN 2020xga,, the emission lines (dashed red lines) give a consistent redshift of z = 0.4287, whereas the strong (dashed blue line) and weak (dashed gold line) absorption lines indicate redshifts of z = 0.4283 and z = 0.4296, respectively. Panel b: The host galaxy lines (dashed gold line) of SN 2022xgc agree on a redshift of z = 0.3103.
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	[image: thumbnail]	Fig. 9. Spectral sequence of SN 2020xga (panel a) from −9 to +37.8 rest-frame days and SN 2022xgc (panel b) from −0.7 to +92.1 g-band rest-frame days. An offset in flux was applied for illustration purposes. The spectroscopic measurements have undergone absolute flux calibration to align with the photometric data. The spectra are corrected for MW extinction and are smoothed using a Savitzky-Golay filter. The original data are presented in lighter colors. Regions of strong atmospheric absorption are blue-shaded.
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	[image: thumbnail]	Fig. 10. X-shooter spectra of SN 2020xga (upper panel) at −8.3 and +37.8 days and SN 2022xgc (lower panel) at +21.9 and +92.1 days after maximum light. The spectra are corrected for MW extinction and are smoothed using a Savitzky-Golay filter. The original spectra are shown in lighter gray. The most conspicuous features are labeled. Uncertain line identifications are denoted with question marks. The ions beneath the spectrum are shown at the rest wavelength, whilst those above have been shifted to match the absorption component. The light blue regions represent the telluric absorptions.
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	[image: thumbnail]	Fig. 11. Fe II triplet λλ4923, 5018, 5169 region of SN 2020xga (left panel) at −8.3 and +37.8 day spectra and SN 2022xgc at +21.9, +65.5 and +92.1 days spectra. A normalization and an arbitrary offset has been applied for illustration purposes. The spectra have been smoothed using the Savitzky-Golay filter and the original data are shown in lighter colors. The absorption features that correspond to the blueshift of the Fe II lines are denoted along with the velocities.
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	[image: thumbnail]	Fig. 12. Fe II ejecta velocities of SN 2020xga and SN 2022xgc as measured from the X-shooter spectra as a function of time. The velocity evolution of the ZTF SLSN-I sample is shown in gray for comparison. The vertical dash-dotted line illustrates the phase of the maximum light.
In the text



	[image: thumbnail]	Fig. 13. Spectral comparison of SN 2020xga and SN 2022xgc with SLSNe-I from the literature. Left: Comparison of SN 2020xga and SN 2022xgc spectra with typical well-studied SLSNe-I at similar epochs. Right: SN 2020xga and SN 2022xgc spectra in comparison with SLSNe-I that display the second narrow Mg II absorption system. All spectra are corrected for MW extinction and have been smoothed using a Savitzky-Golay filter.
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	[image: thumbnail]	Fig. 14. X-shooter spectra of SN 2020xga at −8.3 days (top panel) and SN 2022xgc at +21.9 days (bottom panel). The spectra show resolved, narrow absorption lines from the host ISM (marked by the vertical dashed orange lines) and a blueshifted absorption line system (marked by the vertical dashed purple lines) from a CSM shell expelled shortly before the SN explosion.
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	[image: thumbnail]	Fig. 15. Modeling on the Mg II doublets originating from the CSM shell (broad features) and the ISM of the host galaxy (narrow features) for SN 2020xga (top) and SN 2022xgc (bottom). The observed spectrum in the 2800 Å region is presented in gray and the best model fit is shown in red. The dashed blue line illustrates the SN continuum. For SN 2020xga we have marked the CaH [MYAMP] K lines from the MW.
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	[image: thumbnail]	Fig. 16. Comparison of the broad Mg II lines originating from the CSM shells for SN 2020xga, SN 2022xgc, SN 2018ibb and iPTF 16eh. The spectra are corrected for MW extinction. The vertical black lines mark the velocity of the absorption minima of the secondary Mg II lines.
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	[image: thumbnail]	Fig. 17. Modeling on the Mg II doublets originated from the CSM shell (broad features) and the ISM of the host galaxy (narrow features) for SN 2018ibb. The observed spectrum at the 2800 Å region is presented in gray and the best model fit in red. The dashed blue line illustrates the SN continuum.
In the text



	[image: thumbnail]	Fig. 18. Spectral energy distribution of the host galaxy of SN 2020xga (black data points). The solid line displays the best-fitting model of the SED. The red squares represent the model-predicted magnitudes. The fitting parameters are shown in the upper-left corner. The abbreviation ‘n.o.f.’ stands for the number of filters.
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	[image: thumbnail]	Fig. D.1. The SYN++ modeling of one of the spectra of SN 2020xga (left) and SN 2022xgc (right). The observed spectra (black lines) are corrected for interstellar reddening and redshift, and continuum-normalized for clarification. The best-fit model obtained using SYN++ is shown with blue and green colors, while the contribution of the single ions to the model are plotted with orange, and shifted vertically.
In the text
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