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Abstract

Context. Some core-collapse supernovae (CCSNe) are too luminous and radiate too much total energy to be powered by the release of thermal energy from the ejecta and radioactive-decay energy from the synthesised 56Ni/56Co. A source of additional power is the interaction between the supernova (SN) ejecta and the massive circumstellar material (CSM). This is an important power source in Type IIn SNe, which show narrow spectral lines arising from the unshocked CSM, but not all interacting SNe show such narrow lines.

Aims. We present photometric and spectroscopic observations of the hydrogen-rich SN 2021irp, which is both luminous, with Mo < −19.4 mag, and long-lived, remaining brighter than Mo = −18 mag for ∼250 d. We show that an additional energy source is required to power such a SN, and we determine the nature of the source. We also investigate the properties of the pre-existing and newly formed dust associated with the SN.

Methods. Photometric observations show that the luminosity of the SN is an order of magnitude higher than typical Type II SNe and persists for much longer. We detect an infrared excess attributed to dust emission. Spectra show multi-component line profiles, an Fe II pseudo-continuum, and a lack of absorption lines, all typical features of Type IIn SNe. We detect a narrow (< 85 kms−1) P Cygni profile associated with the unshocked CSM. An asymmetry in emission line profiles indicates dust formation occurring from 250–300 d. Analysis of the SN blackbody radius evolution indicates asymmetry in the shape of the emitting region.

Results. We identify the main power source of SN 2021irp as extensive interaction with a massive CSM, and that this CSM is distributed asymmetrically around the progenitor star. The infrared excess is explained with emission from newly formed dust although there is also some evidence of an IR echo from pre-existing dust at early times.
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1. Introduction
Hydrogen-rich (Type II) core-collapse supernovae (SNe) are explosions of massive stars, characterised by bright transients that show hydrogen Balmer lines in their spectra. The most common subclass of SNe in this category is Type IIP. Type IIP SNe are explosions of red supergiant stars whose zero age main sequence masses are between ∼8 and ∼18 M⊙ (see e.g. Van Dyk et al. 2003; Smartt et al. 2004; Smartt 2015), although some authors argue for somewhat higher masses (e.g. Beasor et al. 2025). After an initial rise to peak and a short decline period, they then show relatively constant brightness (−15 > MV > −18 mag) for the first ∼100 days (the plateau phase; e.g. Barbon et al. 1979; Anderson et al. 2014), which is followed by an exponential decline (the tail phase) after a short period of steep decline (Zampieri 2017). The radiation during the plateau phase originates mainly from the thermal energy deposited by the explosion shock, with an additional contribution by the decay of 56Ni/56Co, while the power in the tail phase is dominated by the decay of 56Co. The typical total energy radiated in the plateau phase is ∼1049 erg, inferred from the typical bolometric luminosity of ∼1042 erg s−1 and the typical plateau length of ∼107 s (e.g. Valenti et al. 2016; Martinez et al. 2022).
There are some extremely luminous Type II SNe whose total radiated energy is much higher than the typical values for Type IIP SNe. Such bright Type II SNe need some other energy source in addition to the thermal energy and the radioactive decay of 56Ni/56Co. Many of these luminous SNe are Type IIn SNe (Smith 2017; Fraser 2020, for reviews). The characteristic observational feature of Type IIn SNe is narrow Balmer lines in their spectra (Schlegel 1990), which are believed to originate in the circumstellar material (CSM) ionised and/or excited by high-energy photons from the CSM interaction shocks. Although these SNe are typically luminous, there is a large diversity in their brightness, with the typical r-band peak absolute magnitude being around −19.18 ± 1.32 mag (Nyholm et al. 2020). These high luminosities are interpreted as the results of the extensive CSM interaction, which converts some of the kinetic energy of the SN ejecta to optical radiation. The total mass of CSM required can be high, with the well-studied luminous and long-lived Type IIn SN 2010jl, which is mainly powered by strong CSM interaction, requiring several solar masses of CSM (e.g. Fransson et al. 2014).
The majority of Type II superluminous SNe (SLSNe), which reach ≲ − 20 mag (see e.g. Gal-Yam 2012, 2019; Kangas et al. 2022; Moriya 2024; Pessi et al. 2025), show prominent Balmer emission lines with a narrow core on a broader base and are thus understood as extreme cases of classical Type IIn SNe, i.e., SNe with even stronger CSM interaction. On the other hand, some Type II SLSNe show only broad Balmer lines and lack narrow ones (Gezari et al. 2009; Miller et al. 2009; Inserra et al. 2018; Kangas et al. 2022). These bright SNe are also suggested to be interaction-powered SNe with different properties of CSM (Moriya & Tominaga 2012; McDowell et al. 2018), although some other energy sources, for example a magnetar central engine, a fallback accretion central engine, or a large amount of 56Ni, have been proposed (e.g. Inserra et al. 2018; Terreran et al. 2017). In some rare Type II SLSNe, the total radiated energy is higher than the total kinetic energy for a typical core-collapse SN, implying that CSM interaction alone is not a sufficient power source (Kangas et al. 2022; Pessi et al. 2025).
There are other Type II SNe that are more luminous and energetic than typical Type IIP SNe, are not SLSNe, and do not show the narrow lines that unambiguously identify CSM interaction. These include the rare class of luminous Type IIL SNe, which have absolute magnitudes between −18 and −20 mag, and exhibit a linear decline (e.g Kangas et al. 2016; Reynolds et al. 2020; Pessi et al. 2023). For many of these SNe, CSM interaction is invoked to explain their high peak luminosity and radiated energy as well as the long-lasting relatively blue and featureless spectrum seen at early times. Direct evidence of CSM interaction can be seen in the radio (Lundqvist & Fransson 1988; Weiler et al. 1991), X-ray (Immler et al. 2005) and infrared (IR) emission (Dwek 1983) from the well-studied luminous and linear SN 1979C. The fast decline for these SNe implies that any CSM interaction is less intense than that in long-lasting Type IIn SNe, such as SN 2010jl (Fransson et al. 2014) and SN 2015da (Tartaglia et al. 2020). Similarly to Type II SLSNe, other energy sources have been invoked for some objects (see e.g. Bose et al. 2018).
We present the bright, long-lived Type II SN 2021irp, which shows a broad Balmer line dominated spectrum, and discuss its energy source. The paper is structured as follows. In Sect. 2, we describe the discovery of the SN, its observational parameters, and the acquisition and reduction of our data. In Sect. 3, we discuss some properties of the host galaxy and derive a host extinction value. In Sect. 4 and Sect. 5, we describe and analyse the photometric and spectroscopic properties of the SN, respectively. Section 6 discusses the required energy source for SN 2021irp and the presence and effect of pre-existing and newly formed dust. Section 7 summarises our work and presents our conclusions.
2. Observations and data reduction
2.1. Discovery, classification and observational parameters.
SN 2021irp (a.k.a. ATLAS21lhv and Gaia21ekq) was discovered by the Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al. 2018; Smith et al. 2020) on 9 April 2021 (MJD = 59 313.2) at a magnitude of mc = 18.02 and subsequently reported to the Transient Name Server (TNS1). The authenticity of the detection was confirmed by further ATLAS detections, but the object then passed behind the Sun, preventing further observations or classification. The transient was next detected by ATLAS on 27 July 2021 (MJD = 59 421.6; 108 days later) but remained unclassified until 8 October 2021 (MJD = 59 495.3), when it was spectroscopically classified as a Type II SN (Terwel 2021).
	[image: thumbnail]	Fig. 1. Combined Bri images of the field of SN 2021irp obtained with the NOT+ALFOSC. We used our best quality images: the B and i images are taken after the SN has entirely faded, while the r image is a late time (499 d) deep image in which the SN is still visible and indicated by the tick marks. The faint line on the right side of the image is a saturation artefact from a bright star.



The last non-detection of the SN before detection by ATLAS was on 3 April 2021 (MJD = 59 307.3) with a 3σ detection limit of mo ≥ 19.84. Additionally, a ‘null’ detection of SN 2021irp was reported by the Gaia Alerts survey on 5 April 2021 (MJD = 59 309.6). Due to the uncertain nature of this non-detection2, here we adopt the midpoint of the ATLAS non-detection and first detection as the explosion epoch, namely 6 April 2021, MJD = 59 310.3 ± 3. All phases given are in rest frame days with respect to this explosion epoch unless specified otherwise.
We take the foreground Milky Way (MW) extinction towards SN 2021irp to be AV = 1.193 mag (from Schlafly & Finkbeiner 2011, via the NASA/IPAC Infrared Science Archive Galactic Dust Reddening and Extinction tool IRSA 2022). As discussed below in Sect. 3.1, we infer an additional extinction of AV = 0.12 ± 0.04 mag arising within the host from measurements of resolved Na I D absorption lines. We therefore take the total extinction towards SN 2021irp as AV = 1.313 ± 0.04 mag. We correct all optical and NIR photometry using the Cardelli et al. (1989) extinction law with this total extinction and assuming RV = 3.1. We correct the MIR photometry using the (Fitzpatrick 1999) extinction law with the coefficients from Yuan et al. (2013). Photometry in ATLAS co and SDSS riz bands is presented in the AB system, while the remaining photometry is presented in the Vega system. We adopt z = 0.0195 ± 0.0001 as the redshift from measurements of the position of the narrow host Na I D absorption lines and the narrow Hα emission line observed in our spectra. This corresponds to a distance of 85.3 ± 0.4 Mpc (distance modulus = 34.654 ± 0.002 mag) assuming a ΛCDM cosmology and taking H0 = 69.6 km s−1 Mpc−1 and Ωm = 0.286 (Bennett et al. 2014).
We show the SN and host galaxy in Fig. 1. SN 2021irp is located at the coordinates RA = 05:23:27.46, Dec = + 17:04:40.10, and the host galaxy of SN 2021irp is a known Sloan Digital Sky Survey (SDSS; Abdurro’uf et al. 2022) galaxy, with SDSS coordinates RA = 05:23:27.61, Dec = + 17:04:32.51. The SN is 7.9″ separated from the nucleus, corresponding to 3.1 kpc at our adopted redshift. The SN lies in a structure to the north and west of the nucleus that is potentially a spiral arm, which contains bluer regions that could be associated with star formation, although SN 2021irp does not appear to lie within such a region. We discuss the host in more detail in Sect. 3.
2.2. Photometry
2.2.1. Optical
Optical imaging of SN 2021irp was obtained with the 2.56 m Nordic Optical Telescope (NOT3) using the Alhambra Faint Object Spectrograph and Camera (ALFOSC) instrument as part of the NOT Un-biased Transient Survey 2 (NUTS24) programme, primarily with the Sloan ri and the Johnson-Cousins BV filters. Photometry was additionally obtained as a part of the routine operations of the ATLAS survey in the cyan (c) and orange (o) bands, which approximately correspond to g + r and r + i respectively; and the Gaia Alerts project, which uses the Gaia (G) filter corresponding approximately to g + r + i.
The NOT+ALFOSC images were reduced with the ALFOSCGUI5 pipeline. The reduction steps consisted of bias and overscan subtraction, and flat-fielding. The photometry was performed using the AUTOPHOT pipeline (Brennan & Fraser 2022). The pipeline removes artefacts produced by cosmic rays; corrects the image world coordinate system using an implementation of ASTROMETRY.NET (Lang et al. 2010); builds a PSF model from sources in the image; calibrates the image with a suitable catalogue by measuring the magnitude of field stars through PSF fitting; measures the magnitude of the transient also using PSF fitting; and finally calculates the uncertainty through source injection and recovery. A complete description of the software is given in Brennan & Fraser (2022). The NOT+ALFOSC BVgriz images were calibrated to the Pan-STARRS1 (PS1) catalogue (Chambers et al. 2016; Flewelling et al. 2020), where we used the equations provided in Tonry et al. (2012) to estimate magnitudes for field stars in the B and V band from the PS1 measurements. We obtained deep template imaging with the NOT+ALFOSC at +673 d after the explosion epoch, where the SN is not detected. Before measuring the magnitude of the SN, we subtracted the template images from those with the SN using the HOTPANTS6 algorithm, an implementation of the image subtraction algorithm by Alard & Lupton (1998), after aligning the images using ASTROALIGN (Beroiz et al. 2020).
ATLAS photometry was obtained through the ATLAS forced photometry server7. We discard ATLAS detections with a signal-to-noise of less than three, and instead obtain 3σ upper limits. Gaia photometry was downloaded from the Gaia Science Alerts webpages8. We adopt uncertainties for the Gaia photometry following the analysis in Sect. 3.5 of Hodgkin et al. (2021). For both ATLAS and NOT+ALFOSC photometry, individual measurements were binned on nights with multiple observations, and the standard error of the mean of the binned measurements was adopted as the uncertainty. We additionally discard binned ATLAS detections with uncertainty > 0.2 mag, and a single o-band outlier detection, that is inconsistent with the ALFOSC data. A log of the photometric observations is given in Table A.1.
To check for pre-SN transient activity at the SN location we queried the ATLAS forced photometry server for all available observations before the SN explosion date. The data was sigma-clipped and stacked nightly using publically available software (Young 2020). The earliest data available was obtained on 12th Sept 2015 (MJD = 57 277.6), and the SN field was observed on 313 occasions between then and the SN explosion 1991 d later, with consistent observations every few days – few weeks except during the periods where the SN was not visible from the ATLAS site. There are no detections, defined as observations with signal to noise > 3, during this period. The median 3σ upper limits across all the data in the two separate filters are Mc = −15.37 mag and Mo = −15.36 mag, with the assumed distance and extinction for SN 2021irp. There is good coverage of the SN for the 244 d directly before the SN explosion, which is the most likely period to observe a precursor (Strotjohann et al. 2021), and these images are deeper, with the median limiting magnitude Mc = −15.03 mag. Precursor outbursts with magnitudes ≤ − 13 are not uncommon for Type IIn SNe (Ofek et al. 2014), with a recent study by Strotjohann et al. (2021) finding that ∼25% of Type IIn SNe have such an outburst within the 90 days before explosion. Additionally, Strotjohann et al. (2021) find that ∼2% of SNe with peak brightnesses <  − 18.5 such as SN 2021irp exhibit luminous outbursts ≤ − 16 mag. Our observations can rule out only the more luminous precursors and not those at the lower end of the observed luminosity distribution.
2.2.2. Infrared
Near-infrared (NIR) imaging of SN 2021irp was also obtained with the NOT, using the NOTCam instrument and the JHKs filters. The NOTCam data were reduced using a slightly modified (e.g. to include the full field of view) version of the NOTCam QUICKLOOK9 v2.5 reduction package. The reduction process included flat-field correction, distortion correction, bad pixel masking, sky subtraction, and finally, stacking of the dithered images. Photometry was again performed with the AUTOPHOT pipeline, and the magnitudes were calibrated using the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) catalogue.
Mid-infrared (MIR) imaging of the SN site was obtained by the Wide-field Infrared Survey Explorer (WISE) satellite as part of the Near-Earth Object Wide-field Infrared Survey Explorer reactivation mission (NEOWISE; Mainzer et al. 2014), which surveys the entire sky with the W1 and W2 filters (3.4 μm and 4.6 μm respectively) every 6 months. We obtained the NEOWISE photometric measurements of SN 2021irp from the NEOWISE-R Single Exposure (L1b) Source Table10 (NEOWISE Team 2020), and adopt the median value of the individual measurements as the magnitude. For the uncertainty, we adopted the standard error of the mean of the individualmeasurements with additional 0.0026 mag and 0.0061 mag uncertainties added in quadrature to the W1 and W2 measurements, respectively, which represent the RMS residuals found in the photometric calibration of WISE during the survey period.
2.3. Spectroscopy
We obtained 9 optical spectra of SN 2021irp with the NOT+ALFOSC; the FOcal Reducer/low-dispersion Spectrograph 2 (hereafter FORS2; Appenzeller et al. 1998) mounted at the Cassegrain focus of the Very Large Telescope (VLT) UT1 telescope at the Paranal observatory; and the Kyoto Okayama Optical Low-dispersion Spectrograph with optical-fiber Integral Field Unit (KOOLS = IFT; Matsubayashi et al. 2019) mounted on the 3.8-m Seimei telescope (Kurita et al. 2020) at the Okayama Observatory. A log of the spectroscopic observations is given in Table A.2.
The ALFOSC spectra observed with Grism 4 were reduced with the ALFOSCGUI pipeline, which uses standard IRAF11 tasks to perform overscan, bias and flat-field corrections, as well as removing cosmic ray artefacts using LACOSMIC (van Dokkum 2001). One-dimensional spectra were extracted using the APALL task, and wavelength calibration was performed by comparison with arc lamps and corrected, if necessary, by comparison with skylines. The spectra were flux-calibrated against a sensitivity function derived from standard stars observed on the same night and absolutely calibrated using our photometric measurements. In order to estimate the flux of the SN at the epoch of spectroscopic observations, we interpolated the observed photometry with Gaussian processing, as described in Sect. 4. The single NOT+ALFOSC spectrum observed with Grism 7 was reduced using the PYPEIT12 Python package (Prochaska et al. 2020). This performed all the reduction steps similarly to as described above, with some additional features (e.g. calculating spectral tilts from the arc lamp exposures). The VLT+FORS2 spectra were reduced using the ESOReflex (Freudling et al. 2013) pipeline following standard procedures. The KOOLS = IFT spectra were reduced with the standard procedures that are developed for KOOLS = IFT data13 using IRAF. The procedures include overscan, bias, flat-field corrections, and cosmic-ray removal. Extraction of a one-dimensional spectrum and sky subtraction were performed. Wavelength and flux calibrations were performed using arc lamps and a standard star. All the spectra, along with the photometric tables, are publicly available on the Weizmann Interactive Supernova data REPository14 (WISeREP Yaron & Gal-Yam 2012).
3. Host galaxy
The host galaxy of SN 2021irp is WISEA J052327.68+170431.2/SDSS J052327.62+170432.4. We measured magnitudes for the host using the HOSTPHOT15 package (Müller-Bravo & Galbany 2022). Using utilities available as part of the package, we collected the imaging available from the PS1, SDSS, and 2MASS surveys; identified foreground stars, cross-matched them with the Gaia catalogue and masked them; and then performed aperture photometry in the images with a 6 kpc/15.2″ radius aperture centred on the galaxy nucleus. We additionally took the aperture magnitudes in a 16.5″ radius aperture from the AllWISE catalogue. The photometry is presented in Table A.3. The host luminosity is typical of a Type IIn SN host, with an absolute g-band magnitude of ∼ − 19, which is close to the average for the sample of Type IIn host galaxies presented in Nyholm et al. (2020). As shown in Fig. 1, the structure of the galaxy appears disturbed, lacking clear spiral arms, although there is a central bar feature and blue knots likely indicating star-forming regions. We note that the significant MW extinction causes the host to appear redder than its intrinsic colour.
Table 1. 
Parameters derived from our SED fitting with BAGPIPES.

To estimate physical parameters for the host galaxy, we modelled the photometric spectral energy distribution (SED) using the SED fitting package Bayesian Analysis of Galaxies for Physical Inference and Parameter EStimation (BAGPIPES, Carnall et al. 2018). BAGPIPES performs Bayesian fitting to photometric and spectroscopic data with model spectra of galaxies generated using stellar population synthesis models (Bruzual & Charlot 2003) with user-specified dust attenuation laws, an intergalactic medium attenuation model from Inoue et al. (2014) and a Kroupa (2001) initial mass function. We perform SED modelling with an exponentially declining star-formation history, with a broad uniform prior in age from 0.1 to 9 Gyr and a uniform prior in τ, where τ ∈ (0.1, 9) Gyr. We set broad uniform priors on the stellar mass, where log M⋆/M⊙ ∈ (6, 13), metallicity, where Z/Z⊙ ∈ (0.003, 2), ionisation parameter, where logU ∈ ( − 4, −1) and we use a fixed velocity dispersion of 100 km s−1. We use a Calzetti et al. (2000) dust law with a uniform prior in the range AV ∈ (0, 4). The redshift is fixed at z = 0.0195.
	[image: thumbnail]	Fig. 2. Top panel: Na I D absorption feature in our highest S/N spectra. In the +271 d spectrum, the individual narrow components of an absorption doublet at the host redshift can be seen. The resolving powers of the two spectra are listed. Middle panel: He Iλ5876 and Na I D emission feature for SN 2021irp and SN 2017hcc at a similar epoch, normalised at the emission line peak. Velocity is with respect to the midpoint of the Na doublet. Both SNe display an absorption feature superimposed in the emission profile. The narrower absorption at ∼ − 6000 km s−1 is the MW Na absorption. Bottom panel: Absorption line in the spectrum of SN 2021irp associated with Ca H. It has a very similar width and blueshift to the Na D feature.



The host galaxy parameters inferred from our fitting are listed in Table 1. The host of SN 2021irp is a typical star-forming galaxy, lying on the star-forming main sequence, which predicts a star formation rate (SFR) of 0.34 ± 0.30 M⊙ yr−1 (Popesso et al. 2022), consistent with our measured SFR of 0.51 ± 0.03 M⊙ yr−1. This is typical of host galaxies of Type IIn SNe or the general population of Type II SNe (Schulze et al. 2021). The metallicity of the host is one third Solar, between the metallicities of the LMC and SMC, which are half and a quarter Solar respectively (Welty et al. 1999). Compared to the LMC, which has a stellar mass of log(M*/M⊙) = 9.4 (van der Marel 2006) and a SFR of ∼0.2 M⊙ yr−1(Harris & Zaritsky 2009), the host of SN 2021irp has approximately half the stellar mass, and has ∼twice the SFR.
3.1. Host extinction
An absorption feature at rest wavelength ∼5885 Å is visible in all the spectra of SN 2021irp with sufficient signal-to-noise. This lies close to the position of the Na I D (λλ5889, 5895 Å) doublet at the host galaxy redshift. In Fig. 2, we show a selection of the highest quality spectra where this is most clear. In particular, in our highest resolution spectrum, we can resolve the individual narrow components of the Na I D doublet at our adopted redshift of z = 0.0195, where these narrow features lie within a broader absorption feature. We assume that these resolved narrow features are the Na I D lines arising from obscuring material within the host galaxy in the line of sight.
On the other hand, the origin of the broad component is not straightforward. The broad absorption feature has a width of ∼1000 km s−1, and the line centre is blueshifted by ∼400 km s−1 compared to the centre of the Na I D doublet. If we identify this broad component with Na I D lines arising from obscuring material with different velocities (see Kangas et al. 2016, for an example), the interstellar gas should have velocities spreading from ∼0 to ∼1400 km s−1. This is much higher than the typical velocity dispersion of gas clouds in a galaxy (Green et al. 2010), and higher than the expected rotational velocity of the galaxy (Alves & Nelson 2000), especially given that we observe the host of SN 2021irp from a face-on direction. In addition, the absorbing gas implied from this interpretation would consist of multiple clouds whose velocities are spreading continuously over ∼0 to ∼1400 km s−1 but not at negative velocities, which is unnatural.
Crucially, SN 2017hcc, a Type IIn SN which is photometrically and spectroscopically similar SN to SN 2021irp (see Sects. 4.3 and 5.2), exhibits a similar broad Na I D absorption feature at similar epochs to SN 2021irp (see Fig. 2), but this feature is not present in spectra observed at early times (see Smith & Andrews 2020; Moran et al. 2023). Therefore, we conclude the broad absorption feature visible in SN 2021irp to be a SN-related feature rather than an interstellar line, although we lack observations at early times to observe its appearance.
In order to infer the host extinction, we measure the equivalent width (EW) of the two resolved narrow features of the Na I D doublet in our highest resolution spectrum. Fitting the continuum and 3 absorption lines (one broad, 2 narrow) yields a total EW only in the 2 narrow lines of 0.3 ± 0.1 Å. Uncertainties are taken from the covariance matrix produced by the least square fitting procedure. Using the relationship of (Poznanski et al. 2012), this corresponds to E(B − V)host = 0.04 ± 0.01 or, adopting the Cardelli extinction law (Cardelli et al. 1989) with RV = 3.1, AV, host = 0.12 ± 0.04. This is close to the extinction of [image: equation] we derived above from modelling the host galaxy SED, although this measurement is an average across the stellar populations of the host. We note that narrow absorption lines associated with the significant MW extinction are also detected and well resolved in the same spectrum, and measuring the equivalent width and converting to a E(B-V) with the Poznanski et al. (2012) relationship yields extinction values broadly consistent with those derived from the MW dust maps.
4. Photometric properties
	[image: thumbnail]	Fig. 3. Optical and IR data of SN 2021irp. All data are corrected both for MW and host galaxy extinction. The vertical ticks represent the timing of spectral observations. The downward triangles are 3σ upper limits. Where there are multiple observations on the same night, the individual observations are shown with transparent symbols, and the binned measurement is shown with a solid symbol with a black outline. The solid lines show the results of Gaussian processing of the measured fluxes in both time and wavelength simultaneously, with the shaded region showing the associated uncertainties.



	[image: thumbnail]	Fig. 4. Colour evolution for SN 2021irp. Upper panel: Optical colour evolution. Lower panel: IR colour evolution.



We estimate the magnitude of the SN between observations with Gaussian processes. In particular, we used the functionality of the PISCOLA16 package (Müller-Bravo et al. 2022) to perform a two-dimensional Gaussian process to interpolate the multi-colour observer frame light curves in time and wavelength simultaneously. Compared to fitting each band separately, this method produces very similar results for the regions where we densely sample the SED with photometry. However, this method also allows significant extrapolation of the BVri light curves into the period between the first ATLAS o observation after the SN returns from behind the sun at +111 d, until the beginning of our multi-band ALFOSC observations at +204 d, making use of the dense photometric time coverage in the ATLAS o band. The single c band epoch provides some constraint on the colour evolution during this period, and we assume that the Gaussian process well models the light curve and colour evolution. The photometry, along with the interpolated and extrapolated light curves, are presented in Fig. 3.
4.1. Light curve and colour evolution
Due to the solar conjunction, we have relatively little information about the early phases of the evolution of SN 2021irp. The explosion epoch is well constrained within 3 days of our adopted value by the last ATLAS non-detection and the first ATLAS detection. The final observation before the conjunction occurred at 20.5 ± 3 d when the SN had an absolute magnitude of Mo = −19.4 mag. There was an observation 2 days earlier where the SN was 0.15 mag fainter, indicating that it was likely still rising in our final observation. When the SN was next observed, in the o band at 109.2 d, it had declined by 0.3 mag. Interacting SNe can exhibit long rise times, such as in the case of SN 2017hcc, which has a rise time of 57 d (Moran et al. 2023), or shorter rise times of ∼20 d (see e.g. Nyholm et al. 2020). In the case of SN 2021irp, as it is likely that the peak magnitude is brighter than we observe, and the rise time is likely greater than the 20.5 ± 3 d that we observed, but it is not possible to conclude more than that.
After returning from the solar conjunction, there is a linear decline in magnitude in the well-sampled o-band from 132 d until 230 d, with a slow decline rate of 0.0076 mag day−1 derived from a linear fit to the data. The single o-band observation at 109 d lies below the linear fit, implying the decline rate was slower between 109 d and 132 d. After 230 d, the o-band decline rate increases, making a knee shape, before settling onto a much faster linear decline of 0.027 mag day−1 between 250 d and 300 d. The expected decline rate from 56Co decay is 0.0098 mag day−1 in the case of the full gamma-ray trapping (Woosley et al. 1989; Miller et al. 2010). SN 2021irp declines slower than this from 109 d until the break in the evolution at approximately 230 d, implying that 56Co decay is not the dominant power source. The slow decline followed by a relatively sharp increase in decline rate is reminiscent of the evolution of Type IIP SNe, which exhibit a plateau phase powered by the recombination of a massive H envelope, followed by a drop in brightness once the envelope is recombined (e.g. Arcavi 2017). However, the drop in the light curve of SN 2021irp occurs much later than that observed in typical Type IIP SNe, where the drop comes no later than ∼135 d (Anderson et al. 2014; Takáts et al. 2015). Furthermore, we do not see the typical change of the spectral features from photospheric to nebular spectra that accompanies the drop in Type IIP SNe (see Sect. 5). This rapid luminosity drop is triggered by another mechanism than that in Type IIP SNe. One possibility is that the decline rate of the energy input is intrinsically changed at ∼230 d. This would imply a sharp decrease in the energy input provided by a power source, most likely the CSM interaction. Alternatively, this might be explained by an apparent effect, where the optical light is being absorbed and re-radiated by freshly forming dust. We further discuss the origin of the rapid luminosity drop in Sect. 6.
In Fig. 4, we show the colour evolution of various filter pairs. The optical colour evolution is flat between 100 d and 250 d, although there are large uncertainties between 100 d and 200 d that reflect the very sparse SED coverage during this period. The colour evolution remains constant for the 3 epochs with good SED coverage between ∼200 d and ∼250 d. There is then a sharp turn to the red in both the V − i and B − i colours, beginning between the observations at 247 d and 265 d and continuing throughout the remaining observations.
The MIR evolution of SN 2021irp shows a rise from the first detection by NEOWISE at 158 d to the peak detection at 313 d, followed by a decline until the final detection at 875 d. Our NIR coverage begins later than the first MIR detection, at 268 d, and we only observe the NIR light curve in decline. The decline rate between the first two observations in IR is significantly slower than that observed after the solar conjunction. The colour evolution in the IR is shown in Fig. 4. The colour consistently evolves to the red across all filters and all our time coverage, except for between the first two epochs of NEOWISE data, where the W1 − W2 colour becomes slightly bluer. Both the sharp turn to the red in the optical colours and the IR colour evolution are likely due to dust formation. We discuss this possibility in Sect. 6.2.
4.2. Blackbody fitting and pseudo-bolometric luminosity
We construct a pseudo-bolometric light curve by fitting a blackbody to our photometry, using the EMCEE python implementation of the Markov Chain Monte Carlo method (Foreman-Mackey et al. 2013) to fit the points and derive uncertainties. Our photometric SED coverage in optical is dense from B to i band in the time period between 200 d and 350 d but is otherwise sparse. We make use of the results of the Gaussian processes driven extrapolation described above to obtain BcVri light curves in the time period where we have primarily ATLAS o data, as well as interpolate between our observations. We then construct the pseudo-bolometric light curve using the BcVi bands, as the strong Hα emission line falls in the r and o bands. After obtaining an estimate of the temperature and radius, we calculate the associated luminosity with the Stefan-Boltzmann law. The parameters derived from this fitting are shown in Fig. 5. At the epochs where we have IR data, we construct the total SED from the interpolated optical light curves and the IR observations and fit simultaneously with two blackbodies to derive temperatures, radii and total luminosities. These SED fits, shown in Fig. 6, yield good fits to a blackbody, except for an excess in J band at 269 d, which we attribute to the likely presence of line emission from Paγ, Paβ and He Iλ10830, which are all observed to be strong in similar SNe such as SN 2017hcc and SN 2010jl at similar epochs. (Moran et al. 2023).
	[image: thumbnail]	Fig. 5. Results from blackbody fitting. The blue line indicates fitting to the interpolated optical light curves. The red crosses represent the fit parameters for the optical blackbody shown in Fig. 6. The diamonds indicate parameters associated with the IR blackbody, with dark green indicating fitting to NEOWISE MIR photometry and lighter green fitting to NOTCam NIR photometry. Top panel: Pseudo-bolometric luminosities implied from the blackbody fitting. The luminosities were calculated from the Stefan−Boltzmann law. The total luminosity is the sum of the IR and optical luminosities. At later times when we have no optical data, the total luminosity is simply the IR luminosity. Middle panel: Evolution of the temperature for the optical and IR blackbodies. Bottom panel: Evolution of the radius for the optical and IR blackbodies.



	[image: thumbnail]	Fig. 6. Two-blackbody fitting for the epochs at which we can constrain both the optical and IR flux. Temperatures and radii for the SN and dust components are given in each panel.



Similarly to the optical photometry, the optical blackbody luminosity slowly declines with a relatively constant rate between 100 d and 200 d before the decline rate increases at ∼230 d, forming a knee shape. The decline rate then becomes constant again, at a faster rate, just before 300 d and continues on this decline until our final observations. The temperature is quite constant throughout the 100–250 d period at ∼6000–7000 K (although there is large uncertainty on the temperature before 200 d) before sharply declining between the observations at 265 d and 285 d. This temperature is consistent with those of Type II SNe during the photospheric phase, matching with the hydrogen recombination temperature in their ejecta (e.g. Faran et al. 2018; Martinez et al. 2022). The photospheric radius is initially a few ×1015 cm, and declines by an order of magnitude by our final observation, with the shape of the evolution following the luminosity decline relatively closely. As the optical blackbody luminosity declines, the IR luminosity increases to a measured peak at 313 d.
If the IR emission arises from optical emission reprocessed by newly formed dust (see Sect. 6.2 for the discussion on this possibility), then the measured temperatures and radii for the SN will be affected. The emitted flux in the optical will be higher than the observed flux, leading to an underestimate of the photospheric radii and luminosity. This is consistent with the change in decline rate that we observe during the period from ∼200 − 300 d, during which the ratio of luminosities Ldust/LSN increases from ∼0.1 to ∼3. Therefore, the photospheric radii during this period and afterwards are likely underestimated. This effect also leads to underestimating the temperature derived from single blackbody fits due to preferential extinction in the bluer bands and emission red optical bands, both effects due to dust. As shown in Fig. 5, the optical blackbody temperature derived fromtwo-blackbody fitting (Fig. 6) does not show any decline in the 268–365 d period as the contribution in the i band from the second, cool blackbody is included in the fit.
Our first IR observation at 158 d yields a much lower luminosity and temperature and a larger radius than the second at 269 d. This first measurement arises from only 2 MIR points, which are not optimal for observing hot dust. The blackbody peaks at shorter wavelengths at these temperatures; for example, a 2000 K blackbody peaks at 1.45 μm in H band. However, the intrinsic MIR colour is red, with the 3.4 μm flux density being less than that at 4.6 μm. Furthermore, there is a significant contribution from the SN at 3.4 μm, implying that the IR colour due only to dust emission is even redder. Therefore, we consider the cooler temperature to be accurate. This temperature and radius evolution for the dust can be explained if the IR emission in this first measurement arises due to an IR echo from distant pre-existing dust, and we discuss this possibility in Sect. 6.2.
The IR luminosity declines relatively smoothly from the peak until the final observation at 874 d. The temperature evolution is consistent with radiation from dust, with the maximum measured temperature of 1680 ± 60 K being less than the sublimation temperature of graphite grains of ∼2000 K, although this would be too hot for the survival of silicates which are destroyed at these temperatures (see e.g. Guhathakurta & Draine 1989). Excluding the first observation, the temperature declines smoothly from its peak while the radius stays quite constant at 1.5 − 2 × 1016 cm. To test if silicate emission at this epoch can be ruled out, we fit the SN SED at 269 d with a linear combination of a hot blackbody representing the SN emission and a modified blackbody of the form B′ν(Tdust) = κabs, νBν(Tdust), where κabs, ν is the mass absorption coefficient. κabs, ν depends on the particular properties of the dust (e.g. species, size distribution), and cannot be constrained with our data. If we use a κabs, ν derived for silicate dust, we find that the data can be well fit with a temperature Tdust = 1400 ± 70 K. Silicate dust can survive up to sublimation temperatures of ∼1500 K, so we cannot rule out the presence of silicate dust (see Fig. 7).
	[image: thumbnail]	Fig. 7. Blackbody fitting to the epoch with the hottest dust. The dust is fit with a modified blackbody, corresponding to silicate dust, as described in the text. The temperature and mass for the dust are listed.



By integrating the luminosity measurements, we can estimate the total radiated energy during our observations to be 9.9 × 1049 erg in the optical, and 7.2 × 1049 erg in the IR, or 1.7 × 1050 erg in total. Notably, this estimate excludes the first 109 d of the SN when the SN was behind the sun, during which the optical luminosity is expected to almost always be higher than the largest values we observe. Conservatively, if we estimate the unobserved luminosity as simply the highest estimated optical pseudo-bolometric luminosity we observe multiplied by the time the SN went unobserved, we expect to have missed another 9.1 × 1049 erg, yielding an estimate for the total radiated energy of 2.6 × 1050 erg. This is ∼10% of the maximum available explosion energy available for a neutrino-driven core-collapse SN (Janka et al. 2016).
4.3. Photometric comparison
	[image: thumbnail]	Fig. 8. Pseudo-bolometric light curve for SN 2021irp compared with those of other SNe. The grey diamonds show the total pseudo-bolometric luminosity at epochs where we have IR observations. The data references are given in Table A.4.



In Fig. 8, we compare the pseudo-bolometric light curve for SN 2021irp with other selected SNe from the literature. We compare with a selected sample of well-observed luminous and long-lasting Type IIn SNe, namely SN 2010jl, SN 2017hcc, and SN 2015da, which we selected based on spectral similarity to SN 2021irp (see 5.2). We additionally compare with the luminous Type IIL SN 2016gsd; and some Type IIP SNe: SN 1999em and SN 2017gmr. The references for the data and adopted parameters for these SNe are listed in Table A.4. All the pseudo-bolometric light curves were constructed in the UV+optical+IR wavelength range, either directly from observations or estimating the contribution in the UV and IR from the optical blackbody. The light curves for SN 2010jl and SN 2015da were constructed through direct integration including the NIR region, and include some contribution of the IR excess arising from dust emission (see Fransson et al. 2014 and Tartaglia et al. 2020 for details).
When it is first observed after the solar conjunction at 109 d, SN 2021irp is much more luminous than typical Type II SNe, either Type IIP or luminous Type IIL SNe. Furthermore, it remains at such a high luminosity for an additional 100 days or more, and even after a steep decline in luminosity, it does not reach the low luminosity levels of the Type II SNe in their radioactive powered tail phase. This demonstrates that an additional energy source is required to power the luminosity of SN 2021irp compared to the typical power sources in Type II SNe, namely radioactive power and the release of thermal power from the SN envelope.
	[image: thumbnail]	Fig. 9. Spectra of SN 2021irp. All spectra are corrected for host and MW extinction. The cross-hair symbol denotes the region strongly affected by telluric absorption, which is corrected in some spectra.



Our comparison luminous and long-lived Type IIn SNe all show extensive interaction, with ∼3–10 M⊙ of CSM being inferred from observations and modelling (see e.g. Fransson et al. 2014; Tartaglia et al. 2020; Smith & Andrews 2020). SN 2021irp is relatively similar in luminosity to SN 2017hcc and SN 2010jl in the 100–250 d period, being a factor of a few less luminous, suggesting that similarly high masses of CSM could be required to power the SN during this period. There appears to be an increase in the decline rate for both SN 2017hcc and SN 2010jl at a similar epoch as SN 2021irp, although it is less pronounced. Both these SNe presented evidence of dust formation (Smith & Andrews 2020; Sarangi et al. 2018; Gall et al. 2014), which could point to this decline being related to dust formation in all three SNe, with different extents and timings. However, interacting SNe light curves exhibit great diversity due to the differing CSM properties, which can also explain these changes in decline rate. Due to the steep decline, by the final observations at ∼400 d SN 2021irp is more than an order of magnitude less luminous than SN 2017hcc and SN 2010jl. However, the total luminosity, including the IR component, is very similar in luminosity to SN 2017hcc for the entire period from 300 d until 700 d. We note that the significant luminosity arising from dust is not included in the pseudo bolometric light curve of SN 2017hcc, although it is 50% of the total at +399 d.
This comparison sample includes only luminous and long-lived interacting SNe, whereas the majority of Type IIn SNe are much less extreme. The average peak r-band magnitude for the Type IIn in the sample of Nyholm et al. (2020) (corrected for Malmqvist bias) was ∼ − 18.6, significantly less luminous than SN 2021irp. The systematic study of Hiramatsu et al. (2024) found the population of Type IIn SNe to be bimodal, divided into the faint-fast and luminous-slow groups. SN 2021irp falls distinctly into the latter group.
As we almost entirely lack observations of SN 2021irp from 0 to 132 d, we can only compare to similar objects in order to speculate about the behaviour at peak. SN 2017hcc is almost an order of magnitude more luminous at peak compared to 100 d, while SN 2010jl is only about twice as luminous. This wide range of luminosities prevents much meaningful speculation about the behaviour of SN 2021irp during the period without observations.
5. Spectroscopic properties
5.1. Spectral evolution
We show the spectral evolution of SN 2021irp in Fig. 9. The first spectrum was not observed until 2021-10-08, 182 d after the explosion, and shows only broad Hα and Hβ lines due to poor data quality. Our first follow-up spectra at 200 d and 203 d show broad emission lines of Hα, Hβ, Hγ and Hδ; He Iλ5876 Å and He Iλ7065 Å; the Ca NIR triplet Ca IIλλλ8498, 8542, 8662 Å; and forbidden [Ca II] λ7291, 7323 Å. The feature at ∼5876 Å is likely to have a significant contribution from both He Iλ5876 Å, as we also observe the He Iλ7065 Å line, and Na I D, as the feature is slightly redshifted and Na I D is more typical to observe at this epoch in Type II supernovae. There are no clear, strong, broad absorption lines or P Cygni profiles. There appears to be a P Cygni profile associated with the He Iλ5876 and Na I D feature, but this is more likely due to an Fe II pseudo-continuum that rises at approximately 5600 Å, which is seen in a number of interacting SNe (e.g. 2005ip, see Stritzinger et al. 2012).
	[image: thumbnail]	Fig. 10. Spectrum taken at 203 d, displayed to show the continuum and weaker emission lines.



In Fig. 10, we show the spectrum at 203 d to highlight the continuum shape and the weaker features. There are broad bumps in the spectra corresponding to blended Fe II emission lines at ∼4600 Å and 5200 Å. There is a weak, narrow feature at 4471 Å that we associate with He Iλ4471.5 Å. There is a broad feature at ∼7850 Å that we cannot definitively identify. O Iλ7772 Å would be very redshifted, and He Iλ7816 Å would be surprising given the relative strength of this line, as well as being offset from the line centre. There is a feature at ∼9018 Å that we tentatively identify with Paschen 10–3, as observed for example in SN 2010jl at late times (Fransson et al. 2014). Narrow absorption lines corresponding to Na I D absorption and diffuse interstellar bands (DIBs; see e.g. Herbig 1995; Geballe 2016) are visible at zero redshift, arising due to the significant extinction from the MW.
As discussed in Sect. 3.1, there is an absorption feature with width ∼1000 km s−1 within the broad emission feature associated with He Iλ5876+Na I D that is visible in all the spectra of SN 2021irp with sufficient signal-to-noise. We demonstrate that this feature is associated with the transient and not the host galaxy in Sect. 3. The intermediate width feature could be associated with either He Iλ5876 Å or Na I D. We see an intermediate width He Iλ7065 Å emission feature at the same epoch, with a larger width of ∼2000 km s−1. It is unlikely that we would see such a combination of emission and absorption, and furthermore, the absorption feature would be redshifted by ∼500 km s−1 if associated with He I. These properties cannot be explained by normal SN-ejecta-originated lines, i.e., absorption lines created in homologously expanding optically thick gas. We therefore suggest that the feature is more likely arising from Na I D. In this case, the line would be blueshifted by ∼400 km s−1. Interestingly, there are also absorption lines associated with Ca II H and K (3968 Å and 3934 Å) with very similar velocities observable in the same spectra, shown in Fig. 2, which may support this interpretation. This velocity is too low for the line to plausibly arise in the SN ejecta, as such velocities correspond to locations in the very central regions of the ejecta. The line should therefore arise in the CSM. One possibility is that the line is associated with CSM that was explosively ejected from the progenitor at this relatively high velocity. However, as described below, we constrain the velocity of the unshocked CSM for SN 2021irp to < 85 km s−1, so we would require a CSM with multiple components moving at different velocities simultaneously. One possibility is that initially slow moving nearby CSM was ionised and accelerated by the strong SN radiation, as an extreme case of what is observed in some Type Ia-CSM SNe (e.g. Patat et al. 2007), and is consistent with some theoretical work (Tsuna et al. 2023).
	[image: thumbnail]	Fig. 11. Evolution of the Hα line. Upper panel: Spectra are continuum subtracted. Lower panel: Spectra are continuum subtracted and normalised to peak at 1. The spectrum at 528 d has been smoothed for visual clarity; the unsmoothed spectrum is shown in light grey. This spectrum was normalised at the peak of the broad feature, between the narrow Hα and [N II] lines.



	[image: thumbnail]	Fig. 12. Hα line profile compared to that of He Iλ7065 at 203 d. The continuum has been subtracted and the peak of the emission feature normalised to unity. Also shown are Gaussian profiles fit to the Hα profile, with their FWHM listed.



The emission line profiles are complex, and in particular, the Balmer lines exhibit a multi-component profile, shown in Fig. 11. Fitting two Gaussians to the line profile of Hα at 203 d yields a broad and an intermediate component with FWHM of ∼7700 km s−1 and ∼2100 km s−1 respectively, which are shown in Fig. 12, but these fits do not capture the complexity of the line profile and we only list these velocities to give an approximate indication of the width of the lines. The intermediate component is asymmetric, with the peak of the line profile being offset by ∼ − 600 km s−1 from the rest wavelength and exhibiting an uneven profile, with a deficit of emission on the red side. Hβ also exhibits a multi-component profile, as does the He Iλ7065 line at 203 d, which is shown in Fig. 12. The line profile of He Iλ7065 is similar to that of Hα at the same epoch, except the intermediate width component is a reflected counterpart to that of Hα, with a redshifted peak for the emission feature rather than blueshifted, and is narrower.
	[image: thumbnail]	Fig. 13. Line luminosities for Hα and Hβ as well as their ratio. The measurement uncertainties are smaller than the symbols.



To measure the flux for the Hα and Hβ emission lines, we first estimate and subtract the continuum by performing a linear fit to selected regions on both the blue and red side of the emission line. For Hα, the region around the line is smooth and we use the 10 000–8500 km s−1 region on both the blue and red side. For Hβ, the continuum is less clear, due to the presence of a number of Fe emission lines. On the blue side, we use the −9000 – −5500 km s−1 region, corresponding to the local minimum of the spectrum between the Hβ emission line and the Fe II blended emission bump. On the red side, we use the +5500 – +8500 km s−1 region, corresponding to the minimum between the Hβ emission line and the Fe IIλ5018. We note that there are significant systematic uncertainties in this continuum measurement, and that the broad Hα and Hβ lines could be blended with He Iλ6678 and Fe IIλ4924 respectively. We measure the line flux in the continuum subtracted spectrum directly, making use of the tools available in the SPECUTILS17 software package. The results are shown in Fig. 13. The Balmer decrement is ∼7 in our first spectral observations, and grows slightly over the course of our observations. This is much higher than the Case B value of ∼3 (Osterbrock & Ferland 2006), which could be explained by high densities (Drake & Ulrich 1980), and is an indirect sign of strong CSM interaction. Similarly high values have been observed in other Type IIn SNe such as SN 2010jl (Fransson et al. 2014). Alternatively, absorption by dust can lead to a high Balmer decrement, and our IR observations indicate that dust is present from at least 158 d, before our earliest spectrum.
The spectra of SN 2021irp evolve slowly, with the main features not changing drastically during the period between 200 d and 345 d. The most visible change is the development of a large asymmetry in the broad lines. Fig. 11 shows this phenomenon for the Hα line. There is a slight decrease in the line width on the blue side over the 200–345 d period, followed by a further decrease at 528 d, potentially corresponding to a gradual decline in the velocity of the emitting gas. On the red side of the line, the shape of the line barely evolves between 200 d and 261 d, but at 294 d has dramatically decreased in strength compared to the blue wing, which continues to barely evolve in shape. The trend continues to our spectrum at 345 d and finally to our latest spectrum at 528 d, which still shows a broad component on the blue side of the emission feature, and shows further erosion of the emission on the red side. The line asymmetry is also shown in Fig. 14, where we mirror the line around the rest wavelength of Hα. It is clear here that the line is not simply shifted, but actually asymmetric, particularly in the final two epochs. The line asymmetry is also evident in the Hβ, He Iλ5876 Å, Ca NIR triplet, and Fe IIλ5018 Å emission features, although line blending and lower signal-to-noise makes it less clear. This phenomenon is consistent with dust formation, and the timing of the change in shape of the red wing is consistent with the timing of the change in colour and decline rate observed in the photometry. We discuss this scenario in Sect. 6.2.
	[image: thumbnail]	Fig. 14. Hα line profiles with the blue side of the emission line reflected around the rest wavelength of Hα. The continuum has been subtracted and the lines normalised to the peak of the broad Hα.



The final spectrum taken at 528 d still does not display the typical nebular spectrum common for Type II SNe observed at late times (see e.g. Jerkstrand 2017), and the commonly observed strong forbidden emission lines of [O I] λλ6300, 6364 Å are not detected. To estimate the velocity of the fastest moving ionised material, we measure the blue edge at zero intensity of the Hα emission line by fitting and subtracting the continuum and taking the first negative flux value in the continuum subtracted spectrum to represent the blue edge. This yields ∼5000 km s−1, which corresponds to a distance of 2.3 × 1016 cm at this epoch. As mentioned above, the red wing is highly eroded and the red edge at zero intensity is at 1100 km s−1.
In our highest resolution spectrum of the Hα region, we observe a narrow P Cygni profile at the peak of the emission feature, shown in Fig. 15. This feature has been observed in high-resolution spectroscopy of many interacting SNe and is interpreted as arising in the unshocked CSM (see e.g. Smith & Andrews 2020). In this case, the absorption measures the velocity of the CSM. Fitting both the emission and absorption features with Gaussian profiles fixed to the instrumental resolution of 85 km s−1, measured from the width of emission lines arising from a nearby H II region, yields an offset between the two of ∼1 Å, corresponding to a velocity of ∼56.7 ± 0.2 km s−1. This is smaller than the resolution of the instrument, so we cannot confidently claim this as the velocity of the CSM and instead consider the velocity to be limited to less than the instrumental resolution of 85 km s−1.
	[image: thumbnail]	Fig. 15. Apparent narrow P Cygni profile in the spectrum taken at 262 d. We subtracted the overlaying broad emission feature and fit two Gaussian profiles with FWHMs fixed to the instrumental resolution of 85 km s−1 to the residual spectrum. The red and blue dotted lines show the best-fit emission and absorption features, respectively, while the yellow dotted line shows the sum of the two features. The peak-to-peak separation of the two profiles is 56.7 km/s.



	[image: thumbnail]	Fig. 16. Spectra of SN 2021irp alongside selected SNe at the closest available epoch. The spectra have been shifted to aid visual comparison. The spectrum of SN 2021irp at 345 d has been slightly smoothed for visual clarity. Left panel: Spectra at ∼200 d. Right panel: Spectra at ∼350 d.



5.2. Spectral comparison
In Fig. 16, we compare selected spectra of SN 2021irp to other selected SNe obtained from WISeREP (Yaron & Gal-Yam 2012). The associated references and physical parameters are listed in Table A.4. At approximately 203 d, SN 2021irp has a strong resemblance to the other interacting SNe in our sample (SN 2010jl, SN 2015da, and SN 2017hcc) at similar epochs, with the continuum shape, observed emission lines and their widths being strikingly similar. SN 2004et has a very different spectrum, as expected for a Type IIP supernovae. SN 1998S is transitional between the strongly interacting SNe and the weakly interacting SN 2004et, lacking absorption features and showing an Fe II pseudo-continuum like the former, and having strong nebular lines of [O I] λλ6300,6364 Å and [Ca II] λ7291,7323 Å like the latter. Later, at approximately 345 d, the spectra of the interacting SNe are still similar. SN 2021irp shows a rising continuum at wavelengths redder than 8000 Å, due to having a strong IR component. This can be observed in the other interacting SNe, but is most pronounced in SN 2021irp and SN 2010jl.
	[image: thumbnail]	Fig. 17. Hα line profiles of SN 2021irp and other selected interacting SNe at similar epochs. The peaks of the emission line are normalised to one using the maximum flux in the Hα region, except for in the 528 d spectrum of SN 2021irp, where we use the section between the narrow Hα and narrow [N II] λ6548 lines which may arise from the galaxy. The latest spectrum of SN 2021irp is slightly smoothed for clarity.



The interacting SNe display a variety of Hα profiles, as shown in Fig. 17. The line profiles of SN 2021irp and SN 2017hcc are very similar before the red side of the emission line begins to be eroded, after which SN 2017hcc does not display the erosion of the red side of the line to any clear extent. Also notably, the blue side of the emission line for SN 2017hcc becomes narrower over time, whereas it stays relatively constant for SN 2021irp. We note that, as commented on in Smith & Andrews (2020), there is some asymmetry in the line profiles of SN 2017hcc, but it appears to be less than in SN 2021irp. The emission lines of SN 2010jl show strong asymmetry at 400 d, where the red side of the line profile is similar to that of SN 2021irp. The blue wing is similar at the peak of the profile (i.e. the intermediate component), but lacks the broad base of the line displayed by SN 2021irp.
6. Discussion
6.1. Energy source
SN 2021irp shows spectra that have many features in common with photospheric-phase spectra of Type II SNe, with broad emission lines of the Balmer series, He Iλ5876 Å, Fe II and the Ca NIR triplet. However, the duration of the bright photospheric phase is much longer (> 350 d) than normal Type IIP SNe (∼100 d, Anderson et al. 2014). Even at ∼350 d after the explosion, it shows not a nebular but a photospheric spectrum with an absolute magnitude of o ∼ −16 mag. At this late phase, a typical Type IIP SNe will be nebular and powered by the decay of 56Co. A typical absolute magnitude would be ∼ − 11 ± 1 mag, taking the mean observed magnitude at the beginning of the tail phase of −13.66 ± 0.83 from Anderson et al. (2014) and assuming the expected tail decline rate of ∼1 mag per 100 d for 56Co decay assuming full emission trapping. Additionally, the total radiated energy in SN 2021irp, > 2.6 × 1050 erg, is much higher than the typical values for Type IIP SNe (∼1049 erg for the plateau phase). Therefore, this SN must have at least one other energy source in addition to the typical energy sources for the radiation in Type IIP SNe i.e. the thermal energy deposited by the explosion shock and the radioactive energy from a typical amount (≲0.1 M⊙) of 56Ni and 56Co.
Several mechanisms have been proposed in order to explain the huge amount of radiation in some very luminous SNe (Gal-Yam 2019; Kangas et al. 2022, 2024), including energy input from the decay of several solar masses of 56Ni (Kasen et al. 2011; Terreran et al. 2017); from central engines such as a fast-spinning magnetar Kasen & Bildsten (2010), Woosley (2010); fallback accretion on to a newly born black hole (Dexter & Kasen 2013); and interaction between the SN ejecta and the circumstellar material (CSM; Chevalier & Fransson 1994; Quimby et al. 2007; Smith et al. 2007; Ofek et al. 2007).
The scenario with a large amount of 56Ni, which might be predicted in a pair-instability SNe, is inconsistent with the light curve shape in SN 2021irp. The light curve shapes predicted in pair-instability SNe are, in general, composed of an early decline from shock cooling, a diffusion bump, and a linear decline following the 56Co decay (e.g. Moriya et al. 2010; Kasen et al. 2011; Dessart et al. 2013), although the detailed behaviours depend on the progenitor properties. We do not see this kind of light curve evolution in SN 2021irp, whose light curve consists of at least two power laws with different decline rates (0.0076 mag/day and 0.027 mag/day before and after ∼230 days, respectively). Here, the earlier decline of SN 2021irp is slower than the one due to the Co decay, while the later decline is faster. The predicted spectral features in pair-instability SNe (Kasen et al. 2011; Jerkstrand et al. 2016) are also inconsistent with the observed spectra of SN 2021irp.
Central engine scenarios have also difficulties in explaining the photometric and spectroscopic properties of SN 2021irp. In particular, the light curve decline rate at later phases (e.g. 0.027 mag/day at ∼300 days) does not match with the values predicted for magnetar power (t−2, e.g. Dessart & Audit 2018) or for fallback accretion (t−5/3, e.g. Dexter & Kasen 2013). In addition, the spectra dominated by emission lines in SN 2021irp are also difficult to reproduce with a central engine scenario (e.g. Dessart & Audit 2018). If the ejecta is optically thick and heated from the deep inside as in the central engine scenarios, the ejecta would naturally have absorption features, especially in strong lines (e.g. Dessart & Audit 2018).
Another important constraint on the energy source comes from the location of the emitting region of the ejecta. Since SN 2021irp shows photospheric spectra even at late phases (see Fig. 9), its ejecta are not yet completely optically thin and thus have a photosphere. From analogy with normal Type II SNe, the location of the photosphere should be around the emitting regions of prominent broad lines (e.g. Hα, Hβ, Ca II triplet), which corresponds to r = 4000 km s−1 × 200 (350) days = 7 × 1015 (1.2 × 1016) cm at 200 (350) days after explosion. These values are much larger than the estimated blackbody radius (see Fig. 5). This suggests that the photosphere is not spherical as in usual Type II SNe and instead the emitting regions exist locally in the outer parts of the SN ejecta. We can estimate the filling factor, defined here as the ratio of the surface area of the emitting region derived from blackbody fitting and the emitting region implied from the photosphere location derived from the line widths. At 200 d, our measured blackbody radius is 1.7 × 1015 cm and thus the filling factor is (1.7 × 1015/7 × 1015)2 = 0.059 = > ∼6%. Since the radiation produced in the outer layers can avoid forming high absorption features, this can additionally explain why the broad lines have emission-dominated shapes rather than P Cygni shapes. In the context of CSM interaction, this picture of a patchy photosphere can be achieved if the SN ejecta interacts with an aspherical CSM. Furthermore, this can also explain why SN 2021irp does not have narrow Balmer lines arising from the ionised CSM, which is regarded as a common and important signature of CSM interaction. The locally ionised regions of ejecta around the aspherical CSM interaction create local optically thick photospheres, which might hide the emitting regions of the narrow Balmer lines from the ionised-unshocked CSM.
Therefore, we conclude that the main energy source for SN 2021irp is CSM interaction. We quantitatively discuss the exact CSM parameters to explain the observational properties in Paper II.
6.2. Dust formation
Core-collapse SNe are thought to be important producers of dust, which is a basic ingredient for planets, stars, and galaxies in the universe. Dust is theoretically predicted to be formed in inner SN ejecta (e.g. Hoyle & Wickramasinghe 1970; Nozawa et al. 2003; Dwek et al. 2007; Sarangi & Cherchneff 2015) and also in the cool dense shell of interacting SNe (e.g. Pozzo et al. 2004; Mattila et al. 2008; Sarangi et al. 2018). This idea is supported by IR excesses, asymmetries in emission-line profiles, and/or acceleration of the light curve declines observed in Type II SNe (e.g. Lucy et al. 1989; Danziger et al. 1989; Pozzo et al. 2004; Sugerman et al. 2006; Kotak et al. 2009; Andrews et al. 2010, 2011b; Fabbri et al. 2011; Meikle et al. 2011; Szalai et al. 2011; Matsuura et al. 2011; Tinyanont et al. 2019; Bevan et al. 2019; Shahbandeh et al. 2023). The dust masses estimated at several hundred days after explosion in Type II SNe (see Tinyanont et al. 2019; Shahbandeh et al. 2023, and references therein) and in interacting SNe (e.g. Mattila et al. 2008; Stritzinger et al. 2012; Maeda et al. 2013; Gall et al. 2014; Uno et al. 2023; Wang et al. 2024; Shahbandeh et al. 2025) are 10−5–10−2 M⊙ yr−1.
A dramatic feature in the light curves of SN 2021irp is the acceleration of the decline at ∼230 days (see Fig. 3). Since the main energy source for the radiation is the CSM interaction, this decline could be interpreted as a rapid decrease of the energy input, i.e., the steepening of the CSM distribution. However, another possibility for the change of the decline rate could be the formation of dust. There are a number of observational features of SN 2021irp that point to this interpretation:

	
1 
The increase in the decline of the SN luminosity, as shown in Fig. 8,



	
2 
The change in the SN colour, with particularly the V − i colour sharply turning to the red, as shown in Fig. 4,



	
3 
The erosion of the red wing of the emission lines, particularly clearly seen in Hα,



	
4 
The luminous and long-lasting IR excess.




Crucially, all four of these features first occur (or reach their peak luminosity, in the case of the IR excess) at the same time, between 250 and 300 d, implying that they could all be caused by the same physical phenomenon. Dust formation can explain all of these observations (see e.g. Smith et al. 2012), and we discuss them in turn.
Freshly formed dust can absorb the radiation from the SN, which will lead to a decrease in the observed luminosity in the optical. The dust will then re-radiate this energy in the IR. In Fig. 5, it is clear that as the luminosity arising from the optical blackbody (i.e. the heated SN ejecta) decreases, the IR luminosity arising from the dust increases, such that the total luminosity evolves smoothly. This implies that there is not necessarily a need for a rapid decrease in the energy input. Absorption by dust has a strong wavelength dependence, with higher absorption at bluer wavelengths, which contributes to the colour change towards the red that we observe. The colour change is additionally driven by emission from the dust in the i band, which is visible in Fig. 6.
The erosion of the red wing of emission lines, or a blueshift in the emission line profile, is commonly seen in Type IIn SNe and has a number of proposed explanations (see e.g. Smith & Andrews 2020). Dust formation can explain this feature, as newly formed dust preferentially obscures the receding SN ejecta as opposed to the oncoming ejecta, eroding the red wing of the emission line. In SN 2010jl, Fransson et al. (2014) observed symmetric Lorentzian profiles with a systematic blueshift, and therefore argue that the blueshift is caused by radiatively accelerated CSM. This cannot explain the observations for SN 2021irp as the emission lines are not symmetric Lorentzians with any shift of centroid – see the reflected profile at 351d in Fig. 14. Alternatively, SN 2010jl has been interpreted as a dust-forming SN (Gall et al. 2014; Sarangi et al. 2018). Another proposed explanation is that, instead of dust, the continuum photosphere can obscure the receding ejecta. However, this would suggest that the effect becomes weaker over time (as the photosphere becomes smaller), and we observe the opposite in SN 2021irp. Another prediction of the dust formation scenario is that there should be a wavelength dependence in the line erosion, with bluer lines experiencing a stronger effect, although the line erosion depends on the locations of the emitting regions and the dust. We do in fact see some increase in the Balmer decrement (see Fig. 13), which could correspond to this effect.
As described in Sect. 4.2, the IR excess we observe has properties consistent with emission from dust. The dust could be newly formed, but there is another possible origin: an IR echo due to pre-existing circumstellar dust (e.g. Bode & Evans 1980; Graham et al. 1983; Dwek 1983; Meikle et al. 2006, 2007; Maeda et al. 2015). In particular, in the case of SN 2021irp there is a large amount of CSM which could also contain circumstellar dust, as is observed in the material around massive stars (see e.g Gehrz & Woolf 1971; Smith 2014). In the case where the IR excess arises from pre-existing dust, we expect to observe an IR echo due to the heating of the dust by the radiation from the SN as has been previously observed in a number of interacting SNe (e.g. Tartaglia et al. 2020; Dwek et al. 2021; Moran et al. 2023). The estimated temperature of the dust is ∼1700 K at 274 days, which requires carbon dust rather than silicate to avoid sublimation, and the dust contributing to the echo should be located around ∼0.02 pc from the SN, assuming radiative equilibrium of the absorption and re-emission by the dust grains, and our measured peak luminosity of SN 2021irp (see Equation (4) in Maeda et al. 2015). This distance corresponds to a light crossing time of only ∼20 days. This is not consistent with the observed timing and duration of the IR excess, which lasts many 100 s of days. Furthermore, the correspondence of the emergence of the IR excess with the change of the light curve decline rate and with the erosion of the Hα line supports the argument that the main contributor for the IR excess is newly formed dust.
An IR echo might significantly contribute to the IR excess at early phases, as in the case of the Type IIn SN 2010jl (Andrews et al. 2011a; Fransson et al. 2014; Bevan et al. 2020; Dwek et al. 2021). The IR excess at 161 d shows a lower blackbody temperature and larger BB radius than those for the later epochs (see Figure 5). This lower temperature can be explained with an IR echo from more distant pre-existing dust rather than newly formed hot dust, which is inferred for the IR excesses at later times. In addition, the large blackbody radius cannot be explained only with the newly formed dust. The blackbody radius indicates the lower limit for the distance of the emitting dust from the SN. Since even the outermost layer of the ejecta with 10 000 km s−1 can only expand to 1.4 × 1016 cm away from the centre of the ejecta at 161 d, and the blackbody radius is 2.4 × 1016 cm at that epoch, the newly formed dust, which is created in the inner ejecta and/or the interaction shock shell, cannot create such a large emitting region as the radius observed at 161 d. On the other hand, our measurements of the dust at epochs later than 269 d have blackbody radii > 1.6 × 1016 cm, implying that SN ejecta with velocities > 6900 km s−1 can reach the location of this dust. This is consistent with dust formation in the interaction shock shell for these epochs, while the first epoch is most likely dominated by emission from an IR echo.
Since most of the red wing of the Hα line suffers from dust absorption, the dust responsible for the erosion of the line should be relatively spread out in space. This naturally occurs if the dust forms in the inner SN ejecta. Dust formation in the inner SN ejecta is inhibited at early times first by the high temperatures during the photospheric phase, and at later phases by the presence of hard radiation and non-thermal electrons arising from CSM interaction (Sarangi et al. 2018). For SN 1987A, observations showed that the dust formation began later than 250 d (Bouchet & Danziger 1993; Wooden et al. 1993; Dwek & Arendt 2015). The onset of dust formation in SN 2021irp occurs at 250–300 d, consistent with that observed for SN 1987A, implying that dust formation in the inner SN ejecta is possible at these epochs. However, the ongoing CSM interaction is much stronger for SN 2021irp, which might prevent dust formation in the ejecta.
The large blackbody radius observed for the IR excess at > 269 d, implies that only SN ejecta at relatively high velocities (> 6900 km s−1 at 269 d) have reached the location of the emitting dust. Dust cannot form in the SN ejecta at these velocities, as there are not sufficient refractory elements in this part of the ejecta (see e.g. Mattila et al. 2008; Sarangi et al. 2018). This implies that the dust must be forming in the cool dense shell in the interaction region (Pozzo et al. 2004; Mattila et al. 2008). It is not possible to ascertain if this dust is the dominant cause of the erosion in the emission lines, and therefore that dust formation in the SN ejecta is not required, without further constraining the geometry of the asymmetric CSM and line-forming regions.
In summary, to explain our observations of SN 2021irp, we require newly formed dust in the interaction shock shell to explain the observed blackbody radius; there could be dust in the SN ejecta, which would most easily explain the observed erosion of the red part of the line; and an IR echo is the most likely explanation for the first IR epoch.
In order to estimate the total amount of the newly formed dust (Mdust) at ∼700 d, we can assume single-size (a = 0.1 μm) graphite grains with a single temperature (Tdust ∼ 1000 K). The total luminosity from the dust grains is expressed in the optically thin limit:
[image: thumbnail](1)
where σSB is the Stefan–Boltzmann constant. For simplicity, here we ignore the frequency dependence of the opacity of the dust and use the constant value of the opacity at the frequency of the peak of the Planck function at this dust temperature ([image: equation]). The peak frequency of the Planck function is ∼6 × 1013 Hz for Tdust ∼ 1000 K, and thus [image: equation] cm2 g−1 for graphite grains with 0.1 μm and with Tdust ∼ 1000 K. We also assume that the total observed luminosity at ∼700 days (∼3 × 1041 erg; see Fig. 5) is dominated by the dust emission and thus it represents the total luminosity from the dust grains. Under the above assumptions, we estimate the dust mass as Mdust ∼ 10−3 M⊙. If the dust was instead dominated by silicates, and assuming the same temperature, [image: equation] cm2 g−1, and Mdust ∼ 5 × 10−3 M⊙. These values are consistent with the masses of the newly formed dust in Type IIP SNe and interacting SNe at similar epochs (see e.g. Shahbandeh et al. 2023; Sarangi et al. 2018; Kotak et al. 2009, and refs above). If the dust is formed in optically thick regions, we note that the actual amount should be higher than the derived value here.
7. Summary and conclusions
In this work, we have presented the results from our spectroscopic and photometric follow-up observations of the luminous Type II SN 2021irp. We summarise our findings as follows:

	
Despite missing much of the early evolution, we determine that SN 2021irp is a very luminous SN based on its brightness at 200 d and later, and find it to have a radiated energy too high to explain a typical Type II SN powered by the release of thermal energy from the ejecta and radioactive decay from synthesised 56Ni/56Co without an additional energy source.



	
We consider the various sources of additional energy and find that CSM interaction is the natural candidate, based on the photometric and spectroscopic properties of SN 2021irp. In particular, the pseudo-bolometric luminosity evolution and non-spherical photosphere shape that we infer from the broad spectral lines are inconsistent with other possiblescenarios.



	
We determine that the CSM powering the SN must exhibit significant asymmetry, to produce the observed broad emission line features and the observed evolution of the BB radius. Furthermore, we observe the presence of unshocked CSM and constrain the velocity of the pre-SN mass loss to ≲85 km s−1.



	
We find extensive evidence of the formation of dust, and can constrain the time when the formation begins to ∼250 d. We estimate the dust mass formed as ∼10−3 M⊙, consistent with masses of newly formed dust observed in Type IIP and interacting SNe. The dust is required to form in the interaction shock shell and some dust may also form in the SN ejecta. We find possible evidence of an IR echo at phases earlier than the onset of dust formation, arising from pre-existing dust that exists in the unshocked CSM.




We continue our analysis of SN 2021irp in Paper II, presenting imaging- and spectro-polarimetry and conducting light curve modelling. Using the results from Paper II along with those presented here, we are able to quantify the properties of the CSM that powers the SN.
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Appendix A:  Tables
Table A.1. 
Photometry of SN 2021irp.

Table A.2. 
Log of spectral observations of SN 2021irp

Table A.3. 
Host galaxy absolute magnitudes.

Table A.4. 
Parameters adopted and references for the comparison objects depicted in Figs 8, 16 and 17




1 https://www.wis-tns.org/


2 See http://gsaweb.ast.cam.ac.uk/alerts/docs/


3 http://www.not.iac.es


4 https://nuts.sn.ie/


5 FOSCGUI is a graphical user interface aimed at extracting SN spectroscopy and photometry obtained with FOSC-like instruments. It was developed by E. Cappellaro. A package description can be found at sngroup.oapd.inaf.it/foscgui.html


6 HOTPANTS is available at https://github.com/acbecker/hotpants


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


8 http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia21ekq/


9 https://www.not.iac.es/instruments/notcam/quicklook.README


10 https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?mission=irsasubmit=Selectprojshort=WISE


11 https://iraf-community.github.io/


12 https://github.com/pypeit/PypeIt


13 http://www.o.kwasan.kyoto-u.ac.jp/inst/p-kools/reduction-201806/index.html


14 https://www.wiserep.org/object/19464


15 https://github.com/temuller/hostphot


16 https://github.com/temuller/piscola


17 https://github.com/astropy/specutils
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	[image: thumbnail]	Fig. 1. Combined Bri images of the field of SN 2021irp obtained with the NOT+ALFOSC. We used our best quality images: the B and i images are taken after the SN has entirely faded, while the r image is a late time (499 d) deep image in which the SN is still visible and indicated by the tick marks. The faint line on the right side of the image is a saturation artefact from a bright star.
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	[image: thumbnail]	Fig. 2. Top panel: Na I D absorption feature in our highest S/N spectra. In the +271 d spectrum, the individual narrow components of an absorption doublet at the host redshift can be seen. The resolving powers of the two spectra are listed. Middle panel: He Iλ5876 and Na I D emission feature for SN 2021irp and SN 2017hcc at a similar epoch, normalised at the emission line peak. Velocity is with respect to the midpoint of the Na doublet. Both SNe display an absorption feature superimposed in the emission profile. The narrower absorption at ∼ − 6000 km s−1 is the MW Na absorption. Bottom panel: Absorption line in the spectrum of SN 2021irp associated with Ca H. It has a very similar width and blueshift to the Na D feature.
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	[image: thumbnail]	Fig. 3. Optical and IR data of SN 2021irp. All data are corrected both for MW and host galaxy extinction. The vertical ticks represent the timing of spectral observations. The downward triangles are 3σ upper limits. Where there are multiple observations on the same night, the individual observations are shown with transparent symbols, and the binned measurement is shown with a solid symbol with a black outline. The solid lines show the results of Gaussian processing of the measured fluxes in both time and wavelength simultaneously, with the shaded region showing the associated uncertainties.
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	[image: thumbnail]	Fig. 4. Colour evolution for SN 2021irp. Upper panel: Optical colour evolution. Lower panel: IR colour evolution.
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	[image: thumbnail]	Fig. 5. Results from blackbody fitting. The blue line indicates fitting to the interpolated optical light curves. The red crosses represent the fit parameters for the optical blackbody shown in Fig. 6. The diamonds indicate parameters associated with the IR blackbody, with dark green indicating fitting to NEOWISE MIR photometry and lighter green fitting to NOTCam NIR photometry. Top panel: Pseudo-bolometric luminosities implied from the blackbody fitting. The luminosities were calculated from the Stefan−Boltzmann law. The total luminosity is the sum of the IR and optical luminosities. At later times when we have no optical data, the total luminosity is simply the IR luminosity. Middle panel: Evolution of the temperature for the optical and IR blackbodies. Bottom panel: Evolution of the radius for the optical and IR blackbodies.
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	[image: thumbnail]	Fig. 6. Two-blackbody fitting for the epochs at which we can constrain both the optical and IR flux. Temperatures and radii for the SN and dust components are given in each panel.
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	[image: thumbnail]	Fig. 7. Blackbody fitting to the epoch with the hottest dust. The dust is fit with a modified blackbody, corresponding to silicate dust, as described in the text. The temperature and mass for the dust are listed.
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	[image: thumbnail]	Fig. 8. Pseudo-bolometric light curve for SN 2021irp compared with those of other SNe. The grey diamonds show the total pseudo-bolometric luminosity at epochs where we have IR observations. The data references are given in Table A.4.
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	[image: thumbnail]	Fig. 9. Spectra of SN 2021irp. All spectra are corrected for host and MW extinction. The cross-hair symbol denotes the region strongly affected by telluric absorption, which is corrected in some spectra.
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	[image: thumbnail]	Fig. 10. Spectrum taken at 203 d, displayed to show the continuum and weaker emission lines.
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	[image: thumbnail]	Fig. 11. Evolution of the Hα line. Upper panel: Spectra are continuum subtracted. Lower panel: Spectra are continuum subtracted and normalised to peak at 1. The spectrum at 528 d has been smoothed for visual clarity; the unsmoothed spectrum is shown in light grey. This spectrum was normalised at the peak of the broad feature, between the narrow Hα and [N II] lines.
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	[image: thumbnail]	Fig. 12. Hα line profile compared to that of He Iλ7065 at 203 d. The continuum has been subtracted and the peak of the emission feature normalised to unity. Also shown are Gaussian profiles fit to the Hα profile, with their FWHM listed.
In the text



	[image: thumbnail]	Fig. 13. Line luminosities for Hα and Hβ as well as their ratio. The measurement uncertainties are smaller than the symbols.
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	[image: thumbnail]	Fig. 14. Hα line profiles with the blue side of the emission line reflected around the rest wavelength of Hα. The continuum has been subtracted and the lines normalised to the peak of the broad Hα.
In the text



	[image: thumbnail]	Fig. 15. Apparent narrow P Cygni profile in the spectrum taken at 262 d. We subtracted the overlaying broad emission feature and fit two Gaussian profiles with FWHMs fixed to the instrumental resolution of 85 km s−1 to the residual spectrum. The red and blue dotted lines show the best-fit emission and absorption features, respectively, while the yellow dotted line shows the sum of the two features. The peak-to-peak separation of the two profiles is 56.7 km/s.
In the text



	[image: thumbnail]	Fig. 16. Spectra of SN 2021irp alongside selected SNe at the closest available epoch. The spectra have been shifted to aid visual comparison. The spectrum of SN 2021irp at 345 d has been slightly smoothed for visual clarity. Left panel: Spectra at ∼200 d. Right panel: Spectra at ∼350 d.
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	[image: thumbnail]	Fig. 17. Hα line profiles of SN 2021irp and other selected interacting SNe at similar epochs. The peaks of the emission line are normalised to one using the maximum flux in the Hα region, except for in the 528 d spectrum of SN 2021irp, where we use the section between the narrow Hα and narrow [N II] λ6548 lines which may arise from the galaxy. The latest spectrum of SN 2021irp is slightly smoothed for clarity.
In the text
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        Combined Bri images of the field of SN 2021irp obtained with the NOT+ALFOSC. We used our best quality images: the B and i images are taken after the SN has entirely faded, while the r image is a late time (499 d) deep image in which the SN is still visible and indicated by the tick marks. The faint line on the right side of the image is a saturation artefact from a bright star.
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      Parameters derived from our SED fitting with BAGPIPES.
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        Top panel: Na I D absorption feature in our highest S/N spectra. In the +271 d spectrum, the individual narrow components of an absorption doublet at the host redshift can be seen. The resolving powers of the two spectra are listed. Middle panel: He Iλ5876 and Na I D emission feature for SN 2021irp and SN 2017hcc at a similar epoch, normalised at the emission line peak. Velocity is with respect to the midpoint of the Na doublet. Both SNe display an absorption feature superimposed in the emission profile. The narrower absorption at ∼ − 6000 km s−1 is the MW Na absorption. Bottom panel: Absorption line in the spectrum of SN 2021irp associated with Ca H. It has a very similar width and blueshift to the Na D feature.
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        Optical and IR data of SN 2021irp. All data are corrected both for MW and host galaxy extinction. The vertical ticks represent the timing of spectral observations. The downward triangles are 3σ upper limits. Where there are multiple observations on the same night, the individual observations are shown with transparent symbols, and the binned measurement is shown with a solid symbol with a black outline. The solid lines show the results of Gaussian processing of the measured fluxes in both time and wavelength simultaneously, with the shaded region showing the associated uncertainties.
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        Colour evolution for SN 2021irp. Upper panel: Optical colour evolution. Lower panel: IR colour evolution.
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        Results from blackbody fitting. The blue line indicates fitting to the interpolated optical light curves. The red crosses represent the fit parameters for the optical blackbody shown in Fig. 6. The diamonds indicate parameters associated with the IR blackbody, with dark green indicating fitting to NEOWISE MIR photometry and lighter green fitting to NOTCam NIR photometry. Top panel: Pseudo-bolometric luminosities implied from the blackbody fitting. The luminosities were calculated from the Stefan−Boltzmann law. The total luminosity is the sum of the IR and optical luminosities. At later times when we have no optical data, the total luminosity is simply the IR luminosity. Middle panel: Evolution of the temperature for the optical and IR blackbodies. Bottom panel: Evolution of the radius for the optical and IR blackbodies.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Two-blackbody fitting for the epochs at which we can constrain both the optical and IR flux. Temperatures and radii for the SN and dust components are given in each panel.
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        Blackbody fitting to the epoch with the hottest dust. The dust is fit with a modified blackbody, corresponding to silicate dust, as described in the text. The temperature and mass for the dust are listed.
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        Pseudo-bolometric light curve for SN 2021irp compared with those of other SNe. The grey diamonds show the total pseudo-bolometric luminosity at epochs where we have IR observations. The data references are given in Table A.4.
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        Spectra of SN 2021irp. All spectra are corrected for host and MW extinction. The cross-hair symbol denotes the region strongly affected by telluric absorption, which is corrected in some spectra.

      

    

  
    
      Fig. 10. 
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        Spectrum taken at 203 d, displayed to show the continuum and weaker emission lines.

      

    

  
    
      Fig. 11. 
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        Evolution of the Hα line. Upper panel: Spectra are continuum subtracted. Lower panel: Spectra are continuum subtracted and normalised to peak at 1. The spectrum at 528 d has been smoothed for visual clarity; the unsmoothed spectrum is shown in light grey. This spectrum was normalised at the peak of the broad feature, between the narrow Hα and [N II] lines.

      

    

  
    
      Fig. 12. 
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        Hα line profile compared to that of He Iλ7065 at 203 d. The continuum has been subtracted and the peak of the emission feature normalised to unity. Also shown are Gaussian profiles fit to the Hα profile, with their FWHM listed.

      

    

  
    
      Fig. 13. 
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        Line luminosities for Hα and Hβ as well as their ratio. The measurement uncertainties are smaller than the symbols.

      

    

  
    
      Fig. 14. 
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        Hα line profiles with the blue side of the emission line reflected around the rest wavelength of Hα. The continuum has been subtracted and the lines normalised to the peak of the broad Hα.

      

    

  
    
      Fig. 15. 
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        Apparent narrow P Cygni profile in the spectrum taken at 262 d. We subtracted the overlaying broad emission feature and fit two Gaussian profiles with FWHMs fixed to the instrumental resolution of 85 km s−1 to the residual spectrum. The red and blue dotted lines show the best-fit emission and absorption features, respectively, while the yellow dotted line shows the sum of the two features. The peak-to-peak separation of the two profiles is 56.7 km/s.

      

    

  
    
      Fig. 16. 
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        Spectra of SN 2021irp alongside selected SNe at the closest available epoch. The spectra have been shifted to aid visual comparison. The spectrum of SN 2021irp at 345 d has been slightly smoothed for visual clarity. Left panel: Spectra at ∼200 d. Right panel: Spectra at ∼350 d.

      

    

  
    
      Fig. 17. 
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        Hα line profiles of SN 2021irp and other selected interacting SNe at similar epochs. The peaks of the emission line are normalised to one using the maximum flux in the Hα region, except for in the 528 d spectrum of SN 2021irp, where we use the section between the narrow Hα and narrow [N II] λ6548 lines which may arise from the galaxy. The latest spectrum of SN 2021irp is slightly smoothed for clarity.

      

    

  
    
      Table A.1. 

      Photometry of SN 2021irp.

      
        


	phase
	mjd
	mag
	error
	band
	telescope+instrument





	−22.59
	59287.27
	>20.21
	-
	c
	ATLAS



	−4.93
	59305.28
	>19.92
	-
	o
	ATLAS



	−2.97
	59307.28
	>19.84
	-
	o
	ATLAS



	...
	...
	...
	...
	...
	...





      

      
Notes. Photometry in ATLAS co and SDSS riz bands is presented in the AB system, while the remaining photometry is presented in the Vega system. Values are not corrected for extinction. Phases are in rest frame days with respect to our estimated explosion epoch. The full table is available at the CDS.



    

  
    
      Table A.2. 

      Log of spectral observations of SN 2021irp

      
        


	Phase
	Date
	MJD
	Telescope
	Instrument
	Grism
	Range
	Resolving power



	Rest frame days
	UT
	
	
	
	
	Å
	





	181.5
	2021-10-08.3
	59495.3
	LT
	SPRAT
	-
	4000-8000
	350



	200.0
	2021-10-27.2
	59514.2
	NOT
	ALFOSC
	Gr4
	3200-9600
	360



	203.0
	2021-10-30.3
	59517.3
	VLT
	FORS2
	GRIS_300V
	3800-9200
	480



	245.5
	2021-12-12.6
	59560.6
	Seimei
	KOOLS=IFT
	VPH-blue
	4100-8900
	500



	254.9
	2021-12-21.2
	59570.2
	NOT
	ALFOSC
	Gr4
	3200-9600
	360



	261.8
	2021-12-29.2
	59577.2
	VLT
	FORS2
	GRIS_1200R
	5750-7310
	2140



	294.9
	2022-01-31.9
	59610.9
	NOT
	ALFOSC
	Gr7
	3650-7110
	500



	316.4
	2022-02-22.9
	59632.9
	NOT
	ALFOSC
	Gr4
	3200-9600
	360



	345.0
	2022-03-24.0
	59662.0
	VLT
	FORS2
	GRIS_300V
	3800-9200
	480



	527.7
	2022-09-25.3
	59848.3
	VLT
	FORS2
	GRIS_1200R
	5750-7310
	2140





      

    

  
    
      Table A.3. 

      Host galaxy absolute magnitudes.

      
        


	Survey
	u
	g
	r
	i
	z
	y



	
	mag
	mag
	mag
	mag
	mag
	mag





	PS1
	
	-18.92 ± 0.02
	-19.28 ± 0.01
	-19.33 ± 0.02
	-19.49 ± 0.02
	-19.32 ± 0.02



	SDSS
	-18.2 ± 0.3
	-19.07 ± 0.10
	-19.39 ± 0.07
	-19.53 ± 0.06
	-19.62 ± 0.06
	



	




	
	J
	H
	K
	
	
	



	2MASS
	−20.5 ± 0.3
	−21.1 ± 0.4
	−21.7 ± 0.4
	
	
	



	




	
	W1
	W2
	W3
	W4
	
	



	WISE
	−21.67 ± 0.03
	−21.63 ± 0.03
	−24.71 ± 0.06
	−26.53 ± 0.5
	
	





      

      
Notes. Photometry obtained using the HOSTPHOT package with a 15.2" aperture, corresponding to 6 kpc, or taken from the AllWISE catalog with a 16.5" aperture. Magnitudes are corrected for the MW extinction.



    

  
    
      Table A.4. 

      Parameters adopted and references for the comparison objects depicted in Figs 8, 16 and 17

      
        


	SN name
	Redshift
	Explosion date
	E(B − V)
	Data sources





	SN 1998S
	0.002795
	1998-03-02
	0.682
	Fassia et al. (2001)



	SN 1999em
	0.0024
	1999-10-24
	0.10
	Leonard et al. (2002)



	SN 2004et
	0.0168
	2017-10-01
	0.03
	Maguire et al. (2010)



	SN 2010jl
	0.01058
	2010-10-09
	0.058
	Jencson et al. (2016), Fransson et al. (2014), Smith et al. (2012)



	SN 2015da
	0.0107
	2015-01-08
	3.04
	Tartaglia et al. (2020)



	SN 2016gsd
	0.067
	2016-09-17
	0.08
	Reynolds et al. (2020)



	SN 2017hcc
	0.0168
	2017-10-01
	0.030
	Moran et al. (2023)



	SN 2017gmr
	0.00504
	2017-09-01
	0.30
	Andrews et al. (2019), Utrobin et al. (2021)
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