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Abstract

Aims. We investigate the photometric characteristics of a sample of intermediate-luminosity red transients (ILRTs), a class of elusive objects with peak luminosity between that of classical novae and standard supernovae. Our goal is to provide a stepping stone in the path to reveal the physical origin of such events, thanks to the analysis of the datasets collected.

Methods. We present the multi-wavelength photometric follow-up of four ILRTs, namely NGC 300 2008OT-1, AT 2019abn, AT 2019ahd, and AT 2019udc. Through the analysis and modelling of their spectral energy distribution and bolometric light curves, we inferred the physical parameters associated with these transients.

Results. All four objects display a single-peaked light curve which ends in a linear decline in magnitudes at late phases. A flux excess with respect to a single blackbody emission is detected in the infrared domain for three objects in our sample, a few months after maximum. This feature, commonly found in ILRTs, is interpreted as a sign of dust formation. Mid-infrared monitoring of NGC 300 2008OT-1 761 days after maximum allowed us to infer the presence of ∼10−3–10−5 M⊙ of dust, depending on the chemical composition and the grain size adopted. The late-time decline of the bolometric light curves of the considered ILRTs is shallower than expected for 56Ni decay, hence requiring an additional powering mechanism. James Webb Space Telescope observations of AT 2019abn prove that the object has faded below its progenitor luminosity in the mid-infrared domain, five years after its peak. Together with the disappearance of NGC 300 2008OT-1 in Spitzer images seven years after its discovery, this supports the terminal explosion scenario for ILRTs. With a simple semi-analytical model we tried to reproduce the observed bolometric light curves in the context of a few solar masses ejected at few 103 km s−1 and enshrouded in an optically thick circumstellar medium.
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1. Introduction
It is well established that single stars with an initial mass below ∼8 M⊙ will end their lives as white dwarfs, cooling down while supported by the electron degeneracy pressure in their cores. In contrast, stars with initial masses between ∼10 M⊙ and 40 M⊙ will complete all the nuclear burning cycles and will undergo a violent explosion as their core collapses (Woosley et al. 2002). This apparently simple distinction raises the complicated question of what the exact initial mass limit is that separates the two opposite fates. Stars with a zero-age main-sequence mass between 8 M⊙ and 10 M⊙ are expected to form a degenerate O-Ne-Mg core during their lifetimes (Nomoto 1984). Such stars are labelled super-asymptotic giant branch (SAGB) stars, and the outcome of their evolution is uncertain. If the O-Ne-Mg core accretes enough material to approach the Chandrasekhar limit, the star will explode as an electron capture supernova (ECSN), but if the core fails to reach this critical mass the star will end its evolution as an O-Ne-Mg white dwarf (e.g. Miyaji et al. 1980; Nomoto 1984; Jones et al. 2013; Moriya et al. 2014; Doherty et al. 2015; Limongi et al. 2024). Whether this critical mass can be reached depends on the competing effects of mixing, convective overshooting, and mass loss rates, which make the modelling of the core and its evolution a challenging endeavour (Poelarends et al. 2008). An additional complication, as pointed out by Kozyreva et al. (2021), is that even small changes in the initial mass and metallicity of the progenitor star may give rise to a Fe core-collapse supernova (SN) instead of an ECSN, overall showing similar observables.
While stellar evolution theory predicts the existence of ECSNe, finding their observational counterparts is still an open issue. Proving that a transient originates from the core-collapse of an O-Ne-Mg core, rather than from a classical Fe core collapse, is not trivial. However, there has been no shortage of attempts: low-luminosity supernovae type IIP (LL SNe IIP) (e.g. Spiro et al. 2014; Reguitti et al. 2021; Valerin et al. 2022) and also some interacting transients (e.g. Smith 2013; Hiramatsu et al. 2021) have been proposed as ECSN candidates. In order to be a reasonable ECSN candidate, an object should fulfil the key expectations for the explosion following the collapse of an O-Ne-Mg core. First of all, the energy released by an ECSN should be significantly lower (∼1050 erg) compared to classical SN explosions, therefore directing the investigation towards faint targets with low-velocity ejecta (Janka et al. 2008). Secondly, the nucleosynthesis following the collapse of an O-Ne-Mg core yields limited amounts of 56Ni (few 10−3 M⊙), placing constraints on the luminosity of the late-time decline of the candidate (Wanajo et al. 2009). Finally, the progenitor star of a candidate should be compatible with a luminous (∼105 L⊙) SAGB star, since that is the only kind of star capable of producing a degenerate O-Ne-Mg core massive enough to trigger an ECSN explosion (Poelarends et al. 2008).
Intermediate-luminosity red transients (ILRTs) are a class of objects that populate the luminosity gap between classical novae and standard SNe (Pastorello & Fraser 2019), which are appealing ECSN candidates. Their physical origin is still debated, with some studies associating ILRTs with non-terminal eruptions of post-main sequence stars (e.g. Humphreys et al. 2011, Smith et al. 2009) or even to a mass transfer episode (Kashi et al. 2010). However, there are several indicators that favour the ECSN interpretation to explain the observed properties of these transients. The low luminosity that characterises ILRTs, which show peak absolute magnitudes ranging between Mr ∼ −12 mag and −15 mag, is consistent with the expected weak explosion originating from the collapse of an O-Ne-Mg core (Pumo et al. 2009). Likewise, the late-time decline in luminosity points towards low synthesised 56Ni masses, fulfilling the condition presented by Wanajo et al. (2009) (see also Cai et al. 2021). Furthermore, all of the progenitor stars associated with ILRTs have been consistent with a SAGB star, corroborating the ECSN scenario (Prieto 2008, Thompson et al. 2009, Jencson et al. 2019). Recent estimates have shown that the rate of ILRTs is a few percent of all the local CC SNe events (≈8% according to Cai et al. 2021, or ≈1–5%, according to Karambelkar et al. 2023), compatible with the theoretical expectations for ECSNe (Poelarends et al. 2008; Thompson et al. 2009; Doherty et al. 2015). Finally, an important step towards understanding the nature of ILRTs was performed by Adams et al. (2016), who showed that a few years after their maximum luminosity the remnants of the two ILRTs SN 2008S (Botticella et al. 2009, Szczygieł et al. 2012) and NGC 300 2008OT-1 (Bond et al. 2009; Berger et al. 2009; Humphreys et al. 2011) had become fainter in the mid-infrared (MIR) than their progenitor stars. Extreme dust extinctions would be needed to obscure a surviving star, therefore favouring a genuine terminal explosion over a non-terminal outburst.
While the considerations presented so far are certainly encouraging, the discussion regarding ILRTs as ECSN candidates is still ongoing. This is, after all, a relatively young class of transients, only established around 15 years ago. Their rates are not particularly low, but their faintness makes their discovery occasional and their follow-up challenging. Since only a handful of ILRTs have been accurately characterised to date, additional data is key to improving our understanding of this poorly studied class of objects. In this paper we present and analyse the original photometric data of four ILRTs: NGC 300 2008OT-1, AT 2019abn, AT 2019ahd, and AT 2019udc. This work is the first part of a series of two papers. In the second installment, A study in scarlet II. Spectroscopic properties of a sample of intermediate-luminosity red transients (Valerin et al. 2024; hereafter Paper II), we will present and discuss the spectroscopic data collected for the same targets analysed here. This paper is organised as follows. In Sect. 2 we discuss the methodology used to obtain and reduce the data, while in Sect. 3 we present the photometric data and the host properties. In Sect. 4 we discuss the reddening estimate, while in Sect. 5 we discuss the physical parameters obtained through the modelling of the spectral energy distribution (SED) fits. In Sect. 6 we study the late-time behaviour of NGC 300 2008OT-1, and in Sect. 8 we present a simple model to reproduce the light curves of ILRTs. Finally, in Sect. 9 we summarise the results obtained.
2. Data reduction
The objects presented in this paper were followed with several instruments at different facilities reported in Table A1 in the online supplementary material. In particular, most of the private data were collected with the Nordic Optical Telescope (NOT) within the NOT Unbiased Transient Survey 2 (NUTS2) collaboration (Holmbo et al. 2019), with the Liverpool Telescope (LT, Steele et al. 2004), with the Gamma-Ray Burst Optical and Near-Infrared Detector (GROND, Greiner et al. 2008), within the ‘advanced extended Public ESO Spectroscopic Survey of Transient Objects’ collaboration (ePESSTO+, Smartt et al. 2015), as well as the Global Supernova Project (GSP, Howell 2019). Images obtained were reduced through standard IRAF tasks (Tody 1986), removing the overscan, correcting them for bias and flat field. When multiple exposures were taken the same night, we combined them to improve the signal to noise ratio (S/N). To measure the magnitudes of the transients observed, we used a dedicated, PYTHON-based pipeline called ECSNOOPY (Cappellaro 2014). ECSNOOPY is a collection of PYTHON scripts that call IRAF standard tasks such as DAOPHOT through PYRAF, and it was designed for point spread function (PSF) fitting of multi-wavelength data acquired from different instruments and telescopes. The PSF model was built from the profiles of isolated, unsaturated stars in the field. The instrumental magnitude of the transient was then retrieved by fitting this PSF model and accounting for the background contribution around the target position through a low-order polynomial fit. The error on this procedure was obtained through artificially placed stars close to the target, with magnitudes similar to that inferred for the object. The dispersion of the artificial stars instrumental magnitudes was combined in quadrature with the PSF fitting error given by DAOPHOT to obtain the total error associated with that measure. Zero point (ZP) and colour terms (CT) corrections were computed for each instrument by observing standard fields: Sloan Digital Sky Survey (SDSS, York et al. 2000) was used as reference for Sloan filters, the Landolt (1992) catalogue was used for Johnson filters and the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) catalogue was used for the near-infrared (NIR) filters.
For the Asteroid Terrestrial-impact Last Alert System (ATLAS) data (Tonry et al. 2018), we combined the flux values obtained through forced photometry released from their archive1, and converted the result into magnitudes, as prescribed in the ATLAS webpage. While reducing data taken by the Wide-Field Infrared Survey Explorer (WISE, Wright et al. 2010; NEOWISE, Mainzer et al. 2011) and Spitzer (Lacy et al. 2005) we adopted the ZP provided on their respective websites2. We also performed PSF fitting measurements on publicly available images taken with the James Webb Space Telescope (JWST, Gardner et al. 2006). The pipeline-reduced JWST+NIRCam/MIRI ‘i2d’ images (and Level-3 mosaics when available) were retrieved from the Mikulski Archive for Space Telescopes (MAST) archive3. It is worth noting that in the NIR and MIR we assumed negligible CT, so we only computed the ZP correction. Images from the Swift UV/Optical Telescope Roming et al. (2005) were reduced using standard HEASOFT tasks, and the magnitudes were retrieved through aperture photometry, applying the aperture correction reported in the Swift website4 when needed. In order to account for non-photometric nights, we selected a series of stars in the field of each observed transient: measuring the average magnitude variation of the reference stars, we computed the ZP correction for each night in each band. Applying ZP and CT corrections to the instrumental magnitudes of our targets, we obtained the apparent magnitudes which are reported in this paper. We adopted the AB magnitudes system for u, g, r, i, z, cyan, and orange bands and Vega magnitudes for UVW2, UVM2, UVW1, U, B, V, R, I, J, H, K, W1, W2, [3.6] μm, and [4.5] μm bands. We resorted to template subtraction at late epochs, when the transients were too faint to be detected otherwise. The template subtraction procedure was performed on late-time observations, again with ECSNOOPY, with template images taken from SDSS (York et al. 2000), Pan-STARRS1 (Chambers et al. 2016) and LT (Steele et al. 2004). The photometric measurements we obtained are reported in the online supplementary material.
3. Photometric follow-up
3.1. AT 2019abn
AT 2019abn was discovered on 2019 January 22.6 UT by the Zwicky Transient Facility (ZTF, Graham et al. 2019) on a spiral arm of Messier 51 (M51) at the coordinates RA = 13h29m42s.41, Dec = +47°11′ 16[image: equation]6. The discovery and early observations are discussed by Jencson et al. (2019), while the evolution of the transient up until 200 days from the discovery is covered by Williams et al. (2020). In this paper we provide additional optical data, especially at later stages of evolution, while also publishing original NIR and MIR observations obtained with the LT, NOT, Spitzer, and WISE which put constraints on a critical section of the SED. By measuring the magnitude of the standard stars used as reference by Williams et al. (2020) we integrated their dataset with our observations by applying the following magnitude corrections to their observations (likely due to a different choice of reference stars): ΔB = +0.07 mag, Δr = +0.04 mag, and Δi = +0.05 mag. Discrepancies in V, z, and NIR bands were within photometric uncertainty, and no correction was needed. Similarly, we incorporated the observations performed by Jencson et al. (2019) in our dataset after applying the following corrections: ΔJ = −0.13 mag, ΔH = −0.05 mag and ΔK = −0.06 mag. We adopted a distance modulus of μ = 29.67 ± 0.02 mag to M51, obtained through the method of the tip of the red giant branch (McQuinn et al. 2016, 2017). The Galactic absorption in the direction of M51 is AV = 0.096 ± 0.006 mag, from Schlafly & Finkbeiner (2011), under the assumption that RV = 3.1 (Cardelli et al. 1989). The local absorption is more challenging to estimate and will be discussed, for all objects, in Sect. 4.
The light curves of AT 2019abn are shown in Figure 1. Thanks to the early discovery, it is possible to follow the evolution of AT 2019abn from very early stages. The rise in luminosity is observed in multiple bands, and lasts roughly 20 days before the transient reaches a peak apparent magnitude of mr = 16.73 ± 0.01 mag on MJD = 58527.3. Thanks to this excellent coverage of the rise, it is possible to estimate the rising rates (γ1 in units of [mag/100 days]) for the observed bands. To do so, we perform a linear regression of the measured magnitudes in each band between 25 and 11 days before maximum: these rising (and declining) rates are useful to quantitatively compare the behaviour of each band at different phases, as well as the differences between each transient (see Cai et al. 2021 for similar measurements on other ILRTs). For sake of simplicity, we separated each light curve in multiple linear segments, and we display their declining (or rising) rates in Table A2 and following tables in the online supplementary material. As a reference, here in the text we report the decline rates measured on the r band in units of [mag/100 days]. At 11 days before maximum, AT 2019abn starts departing from its initial linear increase in magnitude (γ1 = −21 ± 1), forming a broad peak also described by Williams et al. (2020). The post-maximum luminosity evolution is slow (γ2 = 1.37 ± 0.01) especially in the red bands, while the decline rate becomes more steep after 110 days (γ3 = 2.49 ± 0.04). Between 180 and 195 days after maximum, there is a sudden drop in luminosity of ∼0.9 magnitudes in all observed optical and NIR bands. After this abrupt change, the light curves settle on slow decline rates (γ4 = 0.80 ± 0.06). The MIR sampling of AT 2019abn, obtained through the Spitzer and WISE (survey NEOWISE) space telescopes, is unprecedented for an ILRT. After the first data point, at 50 days after maximum, the MIR light curves show at first a decline faster compared to the optical bands, but after ∼100 days the decline becomes more shallow. Interestingly, the luminosity drop at ∼180 days is not as evident in the MIR bands.
	[image: thumbnail]	Fig. 1. Optical, NIR, and MIR light curves of AT 2019abn. The filled circles represent the unpublished data, while the empty circles represent the data points from the literature. The empty triangles represent the upper limits.



3.2. AT 2019ahd
The discovery of AT 2019ahd was reported by the ATLAS survey (Tonry et al. 2019; Smith et al. 2020) on 2019 January 29.0 UT. The coordinate of the transient are RA = 10h51m11s.737 Dec = +05° 50′ 31[image: equation]03, which is 2[image: equation]6 north and 6[image: equation]9 south of the centre of its host, the spiral galaxy NGC 3423. As the distance modulus of the host galaxy, we chose to adopt an average of the different independent values reported on the NASA/IPAC Extra-galactic Database (NED, Helou et al. 1991) obtaining a distance modulus μ = 30.22 ± 0.14 mag, where the error comes from the standard deviation of the measurements (Tully & Fisher 1988; Tully et al. 1992, 2009; Nasonova et al. 2011). We assumed a cosmology where H0 = 73 km s−1 Mpc−1, ΩΛ = 0.73 and ΩM = 0.27 (Spergel et al. 2007), which will be used throughout this whole work. The Galactic absorption in the direction of NGC 3423 is AV = 0.079 ± 0.003 mag (Schlafly & Finkbeiner 2011). The object was initially classified as a Luminous Blue Variable (LBV, Jha 2019) due to its narrow hydrogen features and relatively red spectrum. The following photometric and spectroscopic evolution of the transient, in particular the prevalence of calcium features (Ca II H&K, [Ca II] and Ca NIR triplet; see Paper II), proved that it is an ILRT instead. The majority of the follow-up performed for this object was obtained with the GROND instrument mounted at the 2.2m telescope at ESO’s La Silla observatory, which yielded a remarkably homogeneous dataset (Figure 2). The brightest magnitude is well constrained at mr = 17.57 ± 0.07 mag, reached on MJD = 58525.0. Similar to AT 2019abn, AT 2019ahd displays a slow decline just after peak luminosity (γ1 = 1.12 ± 0.09), but this pseudo-plateau only lasts for 45 days, followed by a steeper decline (γ2 = 2.31 ± 0.10) that ends 105 days after maximum. The subsequent decline rate is again slower (γ3 = 1.05 ± 0.03), in particular in the NIR bands.
	[image: thumbnail]	Fig. 2. Optical and NIR light curves of AT 2019ahd. Filled circles represent unpublished data, while empty circles represent ZTF data points. Empty triangles represent upper magnitude limits. Magnitude shifts on i and z bands have been applied for clarity.



3.3. AT 2019udc
The discovery of AT 2019udc was reported by the ‘Distance Less Than 40 Mpc survey’ (DLT40, Tartaglia et al. 2018) on 2019 November 4.1 UT. The transient lies on a spiral arm of the galaxy NGC 0718, at RA = 01h53m11s.190 Dec = +04°11′ 46[image: equation]96. We adopted a kinematic measure of distance for NGC 0718, which provides μ = 31.49 ± 0.15 mag, obtained through the redshift of the galaxy with respect to 3K CMB (Fixsen et al. 1996). The Galactic absorption towards NGC 0718 is AV = 0.100 ± 0.001 mag. Similar to AT 2019ahd, also AT 2019udc was originally classified as an LBV due to its spectral features (Siebert et al. 2019) but its evolution proves that it is actually an ILRT. AT 2019udc is the most distant object studied in this sample. The follow-up campaign was suspended 120 days after maximum, due to solar conjunction. The GSP multi-band monitoring yielded a high-cadence follow-up of the rise and peak of AT 2019udc, crucially contributing to the collection of a high-quality dataset for this object (Figure 3, left panel). During the first two days after discovery (−10 to −8 days from maximum), the rise in magnitudes can be approximated as linear, with an increase rate up to three time faster than the rise of AT 2019abn, with bluer bands showing a systematically faster evolution (γ1 = −47.5 ± 4.8). After this phase the rise quickly slows down, departing from a linear behaviour and reaching peak luminosity in about 10 days (mr = 17.40 ± 0.06, MJD = 58801.28). Immediately after maximum, AT 2019udc displays a fast linear decline (γ2 = 3.93 ± 0.09), again around three times faster than the decline of AT 2019abn just after maximum. The luminosity drop settles on a gentler slope in all bands at around 35 days after maximum (γ3 = 2.22 ± 0.12). The resulting light curve is noticeably fast evolving for an ILRT: although peculiar compared to the other objects in the sample, these features are not unique among ILRTs, as shown in Sect. 7.
	[image: thumbnail]	Fig. 3. Photometric data collected for AT 2019udc. In the right panel we present optical and NIR light curves of AT 2019udc. Magnitude shifts have been applied for clarity. Filled circles represent unpublished data, while empty circles represent ZTF data points. In the left panels is shown DLT40 monitoring of AT 2019udc. In particular, in the upper left panel is shown the high-cadence follow-up of the rise of AT 2019udc. The DLT40 data points are shown as stars and are integrated with observations obtained through other facilities, represented as circles. In the lower left, years of upper limits collected by DLT40 are displayed as black triangles, with the detections of the transient appearing as green symbols at the right edge of the figure.



Thanks to the prompt discovery and high-cadence monitoring of the DLT40 survey, the luminosity rise of AT 2019udc is exceptionally well sampled, as presented in the upper right panel of Figure 3 (DLT40 data are unfiltered observations scaled to sloan r band observations). The rise immediately after the discovery is remarkably fast, 0.8 magnitudes in less than one day, followed by a more gentle brightening of 0.6 mag in 2.5 days. At this point, 3 days after the first DLT40 detection, AT 2019udc is already close to maximum luminosity, and its magnitude will only marginally change (within ±0.15 mag) in the following two weeks We tried to fit the rise to maximum of AT 2019udc with a simple fireball model, where the flux increases as t2 (as detailed by e.g. Nugent et al. 2011). However, as shown by the black solid line in the upper right panel of Figure 3, the observed light curve quickly departs from the fireball model extrapolated from steep rise of the first two days. One possible explanation for this discrepancy is that the early light curves of ILRTs are not dominated by 56Ni decay, unlike the light curves of SNe Ia (for which the fireball model is a reasonable approximation). DLT40 also provides several years of upper limits to the optical luminosity of the progenitor of AT 2019udc, which are displayed in the lower right panel of Figure 3. The absence of outbursts and the overall non-detection in the optical domain of the progenitor of AT 2019udc is well in line with the expectations for ILRTs, whose precursors have been identified as dust enshrouded stars, heavily affected by extinction in the optical wavelengths but luminous in the MIR (Thompson et al. 2009).
3.4. NGC 300 2008 OT-1
NGC 300 2008 OT-1 (hereafter NGC 300 OT) was discovered on 2008 May 14 during the SN search program at the Bronberg Observatory (Monard 2008). The event, located in the nearby NGC 300 at RA = 00h54m34s.51 Dec = −37° 38′ 31[image: equation]4, was extensively studied in the subsequent years (Bond et al. 2009; Berger et al. 2009; Humphreys et al. 2011; Adams et al. 2016) and became a prototype for the class of ILRTs together with SN 2008S (Botticella et al. 2009). Here we present additional optical, NIR and MIR data, adding this object to our sample of ILRTs. For the distance of NGC 300, we adopted the results published by Gogarten et al. (2010), where a distance modulus μ = 26.43 ± 0.09 mag is obtained through the red clump method. The Galactic absorption towards NGC 300 is AV = 0.034 ± 0.001 mag (Schlafly & Finkbeiner 2011). NGC 300 OT is the closest ILRT ever observed, making it an extremely valuable target which was monitored in detail for an extended period of time. In Figure 4 we present the original optical and NIR photometric data we collected for this transient. The object was behind the sun during its rise and peak luminosity, so we lack the first part of its evolution. Our observed maximum is mr = 14.38 ± 0.02 mag on MJD = 54602.38. We note that there is a serendipitous optical detection of NGC 300 OT on MJD = 54580.65 when the transient is rising (mR = 16.30 ± 0.04 mag, Humphreys et al. 2011), providing a rough estimate for the onset epoch of the event. The first 35 days display a slow decline (γ1 = 1.11 ± 0.05), especially in the red bands. From 35 to 75 days, the transient falls from this pseudo-plateau, and its luminosity starts to fade faster (γ2 = 3.32 ± 0.08). Between 75 and 120 days the decline in luminosity is particularly rapid (γ3 = 5.24 ± 0.06, calculated on the R band due to lack of r band coverage in this phase), comparable to the fast declining phase of AT 2019udc. From 120 and 255 days the fast decline stops, and a slow evolution ensues (γ4 = 0.69 ± 0.07) before the final phase (γ5 = 1.56 ± 0.05) that encompasses from 255 days onwards. As done for AT 2019abn, we integrated the dataset provided by Humphreys et al. (2011) with our observations by applying magnitude corrections to their observations, calculated by measuring the magnitude of the reference star chosen in their work: ΔB = +0.07 mag, ΔR = +0.05 mag. No correction was needed for V band, I band and NIR data, since they were perfectly matching. We also performed aperture photometry on the public images of NGC 300 OT taken with Swift Ultraviolet and Optical Telescope (UVOT), which were also analysed by Berger et al. (2009). We find a remarkable agreement in the U, B, V magnitudes reported there, while we measure overall fainter UVW2 and UVW1 magnitudes, possibly due to a different background selection: in particular, we restricted the aperture down to 3″ to limit possible background contamination. The resulting UV fluxes from our measurements are in line with the behaviour expected from a blackbody emission, as shown in the top left panel of Figure 7.
	[image: thumbnail]	Fig. 4. UV, optical, and NIR light curves of NGC 300 OT. Empty triangles represent upper limits. Filled circles represent unpublished data, while empty circles represent publicly available SWIFT data.



3.5. Comparison with other transients
In Figure 5, we compare the absolute r and H band evolution of our sample of ILRTs along with that of other transients of similar luminosity. The first considerations can be made observing the sample of ILRTs, with the addition of the well studied SN 2008S (Botticella et al. 2009) and AT 2017be (Cai et al. 2018). We note the large spread in the optical peak magnitudes, which spans from −12 mag for AT 2017be to almost −15 mag for AT 2019abn. We note that AT 2019abn (Mr = −14.66 ± 0.15 at maximum) is, to date, the brightest ILRT ever observed, with AT 2019udc (Mr = −14.17 ± 0.16 at maximum) also falling on the brighter end of the ILRTs luminosity distribution. AT 2019ahd and NGC 300 OT, instead, display fainter peak magnitudes, −13.00 ± 0.16 mag and −12.91 ± 0.14 mag respectively. Among the least luminous ILRT we find AT 2017be, which is barely brighter than Mr = −12 mag. There are also significant differences in light curve shapes within the class. AT 2019abn and AT 2019udc represent the two extreme cases, with the former being characterised by a long phase of slow decline after peak, almost a pseudo-plateau in the r band (1.37 ± 0.01 mag/100 days), while AT 2019udc undergoes a decline that is three times faster (3.93 ± 0.09 mag/100 days), after peak luminosity. This variability is less pronounced in the NIR domain, where both the decline rates and the peak magnitudes span a smaller range of values. Regardless of their differences, ILRTs tend to settle on a linear decline at late times, which is compatible with the expected luminosity decline sustained by 56Ni radioactive decay. This can be visually evaluated by comparing the late-time behaviour of ILRTs with that of SN 2005cs, one of the prototypes of low-luminosity SNe IIP (Pastorello et al. 2009), whose late decline is known to be powered by 56Ni decay. We also note that SN 2005cs is fainter than AT 2019abn at peak luminosity, revealing an overlap between the brightest ILRTs and the faintest core collapse SNe. To summarise the features described above, ILRTs are characterised by their single-peaked, monotonically declining light curves which terminate in a linear decline at late phases. A clearly different light curve shape is instead associated with luminous red novae (LRNe, Pastorello et al. 2019b), another class of transients populating the luminosity ‘gap’ which separates classical novae from standard SNe. LRNe are non-degenerate stellar mergers, and typically display double peaked light curves, as shown for by AT 2017jfs (Pastorello et al. 2019a) and to a lesser degree M31-LRN-2015 (Williams et al. 2015), both reported in Figure 5. With its peak absolute magnitude fainter than –10 mag, M31-LRN-2015 appears detached from the other transients shown: LRNe can be much dimmer, with peak absolute magnitude even below ∼–4 mag (e.g. V1309Sco Tylenda et al. 2011). On the other hand, the ILRTs discovered to date have been strictly confined within the luminosity gap (−10 mag < MV < −15 mag).
	[image: thumbnail]	Fig. 5. Absolute r band (upper panel) and H band (lower panel) light curve comparison between the ILRTs in our sample and other low-luminosity transients. In particular, ILRTs are marked with circles, LRNe with plus signs, and SN IIP with diamonds.



4. Reddening estimate
Estimating the reddening affecting ILRTs is a challenging task, and different approaches can be found in the literature, depending on the available data. A first method consists in using the empirical relation between the Na ID Equivalent Width (EW) and the absorption along the line of sight (Turatto et al. 2003; Poznanski et al. 2012), as was done by Cai et al. (2018). This method has the advantage of not requiring any assumption on the intrinsic properties of the target, but it needs high S/N spectroscopy in order to be reliable. Furthermore, the EW of Na ID observed may saturate, preventing the application of empirical relations (e.g. Stritzinger et al. 2020). In addition to this, the EW of the Na ID varies with time in ILRTs (e.g. Byrne et al. 2023, and further discussed in Paper II), increasing the uncertainty associated with this method. Finally, as pointed out by Poznanski et al. (2012), if the extinction towards a target is dominated by circumstellar dust, this empirical relation between the Na ID EW and reddening might be unreliable. A second method is based on the observation that the spectral features of ILRTs resemble those of F-type stars (Humphreys et al. 2011; Jencson et al. 2019). It is then assumed that all ILRTs reach a temperature of ∼7500 K at maximum luminosity, and a reddening correction is applied to the SED at peak in order to obtain a blackbody continuum corresponding to such temperature. Yet another strategy is adopted for SN 2008S by Botticella et al. (2009), who estimate the extinction affecting the target based on an IR echo model of the SED at early stages. Notably, different methods have been adopted in different studies of NGC 300 OT, even reaching opposite conclusions: Berger et al. (2009) deem the reddening along the line of sight to be minimal based on the measurement of the Na ID EW, while the DUSTY models discussed by Kochanek (2011) envision important extinction, leading a peak as high as 9000 K. This heavy dust extinction inferred is quite dependent on the extrapolation of the MIR contribution at early phases (e.g. Figures 5 and 7 in Kochanek 2011).
In this work we adopted the same procedure carried out by Stritzinger et al. (2020), who noted that the observed V–r and r–i colour curves of several ILRTs have a similar shape. Assuming that ILRTs should display a similar evolution of optical colours, a reddening estimate can be obtained by attempting to match the colour evolution of the bluest objects. While this is likely an approximation, it is not baseless, since these transients present a marked homogeneity in their optical spectra (which will be further discussed in Paper II): since similar conditions in temperature and ionisation state are required to produce the same spectral features, we can expect the optical colours of these transients to be at least compatible in their photospheric phases. Following this reasoning, we considered the bluest object in our sample, AT 2019udc, together with AT 2017be, which shows remarkably similar colours, and we applied a reddening correction to all the other objects in our sample in order to superimpose their B − V, g − r and r − i colour curves through a least squares minimisation procedure. Only the values measured within 40 days after maximum are considered. The absorption values for each transient inferred in this way are reported in the last column of Table 1. AT 2019abn is by far the most reddened object in our sample, with an estimated internal absorption of AV = 1.84 ± 0.20 mag. AT 2019udc, by construction, is assumed to be reddening-free, since it is among the bluest ILRT observed. We note that the errors reported on the extinction values are just the errors linked to the least squares minimisation procedure: these will be the values adopted in the following analysis as our best estimates, but there are sources of systematic uncertainty which are challenging to account for. Notably, it is reasonable to expect some scatter in the temperature and consequently in the colours of ILRTs, also due to possible surviving dust affecting the transient. However, all of them should fulfil the physical requirements for producing the H and Ca II lines observed in their spectra (discussed more in detail in Paper II). Ca II spectral features appear in type II SNe only when the temperature of the photosphere has dropped below ∼10 000 K (e.g. see the evolution of SN 2005cs, Pastorello et al. 2006): this can be treated as an upper limit to the peak temperature of ILRTs, since Ca II features are found in their spectra at all phases. On the other hand, given the strong Balmer lines that dominate their spectra, it is reasonable to infer that the hydrogen was ionised by the event, suggesting that after reddening correction the maximum temperature should not be below ∼5500 K, a typical value adopted for hydrogen recombination temperature (Branch & Wheeler 2017). This range of temperatures (and therefore of possible extinction values) is quite broad, but we note that our choice of reddening is corroborated by the Balmer decrement observed for our sample of ILRTs, which is close to 3 during the early phases (see Figure 4 in Paper II). This is indeed the value expected for the case B recombination of hydrogen (Osterbrock & Ferland 2006), supporting the idea that the absorption estimated is a valuable first order correction. In Figure 6 we report the colour evolution for our sample of ILRTs after applying the reddening correction. The optical colours present an initial decrease (i.e. the objects become bluer) during the rise to maximum. This is particularly clear in AT 2019udc and AT 2019abn, thanks to their high-cadence monitoring pre-maximum. After peak luminosity, ILRTs become steadily more red in the following months. This trend may invert as the flux becomes dominated by emission lines rather than continuum emission, as seen for NGC 300 OT r − i after 150 days post maximum. We note that we are using a conservative estimate for the reddening affecting SN 2008S, for which we adopt just the Milky Way absorption of AV = 1.13 mag. This is a lower limit to the total reddening along the line of sight: adopting a light echo model, Botticella et al. (2009) infer an internal absorption of AV ∼ 1 mag, which leads to a peak temperature of 8400 ± 120 K. In any case, even with minimal absorption, SN 2008S is among the bluest ILRTs to date.
	[image: thumbnail]	Fig. 6. Colour curves after reddening correction for the ILRTs belonging to our sample, with the addition of SN 2008S and AT 2017be. In the top two panels the optical colours are shown, in the bottom panel the NIR colour evolution.



Table 1. 
Key information regarding the transients in the sample.

For the sake of completeness we compare the reddening estimates just obtained with a straightforward application of the linear relations between Na ID EW and E(B − V) presented by Turatto et al. (2003). The detailed evolution of the Na ID EW for this sample of ILRTs will be shown and discussed in Paper II: here we simply consider the first measured value for each transient, specifically 0.7 ± 0.1 Å for NGC 300 OT, 1.1 ± 0.1 Å for AT 2019abn, 0.9 ± 0.1 Å for AT 2019ahd and 5.4 ± 0.2 Å for AT 2019udc. The two different linear relations provided by Turatto et al. (2003) allow to determine both a lower and upper estimates of E(B − V) for each object. The resulting AV range obtained for NGC 300 OT spans between 0.3 and 0.9 mag, compatible with our previous estimation of 0.94 mag. In case of the lowest reddening inferred, the peak luminosity of NGC 300 OT in r band would be 0.6 mag fainter, leading to a peak absolute magnitude Mr = −12.3 mag. For AT 2019ahd we obtain 0.4 mag < AV < 1.3 mag, with the lower limit being compatible with our previous measurement of 0.31 mag. If we accept the larger estimate of AV ∼ 1.3 mag, the peak r band absolute magnitude of AT 2019ahd would increase from −13.0 mag to −13.9 mag. For the other two ILRTs in the samples the two methods for estimating AV yield more substantial differences. According to the empirical relations obtained by Turatto et al. (2003), the EW of the Na ID observed in the early phases of AT 2019abn would imply an extinction of 0.5 mag < AV < 1.6 mag, significantly lower than the value 1.84 mag previously obtained. The peak absolute magnitude of AT 2019abn would decrease from Mr = −14.7 mag to −14.4 mag, or even −13.5 mag in the case of lowest extinction. On the contrary, AT 2019udc initially displays a remarkably large Na ID EW of 5.4 ± 0.2 Å (however, we note that the Na ID EW rapidly declines to 1.3 Å in just two days, and even below 1 Å after that phase): this would imply an extinction AV of at least 2.6 mag. The resulting peak magnitude would be at least Mr = −16.5 mag, firmly within the luminosity realm of full-fledged SNe. These critical discrepancies in AV would also lead remarkable variations in temperature, in particular AT 2019abn would present a peak temperature even below that of hydrogen recombination, while AT 2019udc could reach temperatures high enough to inhibit the formation of Ca II lines. This is an unlikely circumstance, given the already mentioned spectral homogeneity of ILRTs.
5. SED evolution
In order to extract physical quantities of our targets, we performed blackbody fits on the SED at different epochs. This analysis was carried out through Monte Carlo simulations, using the PYTHON tool CURVE_FIT5 to perform fits on 200 sets of fluxes randomly generated with a Gaussian distribution centred at the measured flux value, and σ equal to the error associated with the measurement. This procedure was already adopted and described in Pastorello et al. (2021), Valerin et al. (2022). The blackbody fit to the SED of the target yielded the estimated temperature, and by integrating over the wavelength we obtained the total flux emitted. Adopting the distances discussed in Sect. 3 and assuming spherical symmetry, we calculated the bolometric luminosity of the source. Finally, the radius was estimated through the Stefan–Boltzmann law. This whole procedure was repeated for each epoch with suitable photometric coverage, in order to study the evolution of the inferred physical parameters with time. During their first evolutionary phase all our objects are well fit by a single blackbody, associated with the photosphere, throughout the optical and NIR domains (Figure 7). We refer to this component as the hot blackbody, in contrast with the cold blackbody that emerges at later stages. A notable exception is AT 2019abn, which shows a NIR excess compared to a single blackbody from the very first epoch in which NIR data are available (upper left panel of Figure 7). This can be interpreted as the emission from pre-existing dust that survived the explosion, as observed for SN 2008S (Botticella et al. 2009). This NIR excess disappears quickly within a few days, and MIR observations confirm that the flux in the optical domain dominates the SED of AT 2019abn for months after peak luminosity, only requiring a single blackbody to be reproduced. The phase in which a single blackbody is sufficient to model the SED has a variable duration in each transient: up to 180 days for AT 2019abn, 110 days for AT 2019ahd and only 80 days for NGC 300 OT. The SED of AT 2019udc is well fit by a single blackbody during our monitoring before solar conjunction, roughly 100 days after peak luminosity. After solar conjunction, the object was below the detection threshold in the optical domain, but it was still visible in NIR images, showing a SED compatible with a relatively cool blackbody. In other words, in AT 2019udc we likely missed the transitional phase in which both the hot and the cold blackbodies are visible at the same time due to solar conjunction.
	[image: thumbnail]	Fig. 7. SED evolution of AT 2019abn, AT 2019ahd, NGC 300 OT, and AT 2019udc. Flux measurements are shown as black circles. In the first phases of their evolution, a single blackbody closely approximates the evolution of the SED. At later phases a second cooler blackbody is needed to reproduce the NIR flux excess. Epochs are reported with respect to maximum light. Flux shifts have been applied for clarity.



The values of temperature, luminosity and radius obtained for this hot blackbody are displayed in Figure 8. The temperature evolution of our sample is especially homogeneous between 25 and 75 days after maximum, due to our reddening estimate through colour curves superposition (Sect. 4). However we still find interesting differences between the various targets in the pre-maximum phases. AT 2019abn displays an almost constant temperature of ∼4300 K for several days before slowly reaching the peak temperature of ∼5300 K in ∼20 days. AT 2019udc qualitatively follows the same behaviour, but in a shorter timescale (less than 10 days) and reaching 7000 K at peak. This initial increase in temperature could be explained with the injection of additional energy provided by the interaction between ejecta and circumstellar medium (CSM), as happens for interacting SNe (e.g. Dessart et al. 2016). AT 2019ahd, on the other hand, starts from a temperature of ∼7100 K, before quickly cooling to 5900 K at peak luminosity. From this point onwards, AT 2019ahd closely follows the behaviour of AT 2019abn. In this respect, the early temperature evolution of AT 2019ahd is reminiscent of that of SN 2005cs (displayed in Figure 8 for comparison) and LL SN IIP in general, where the temperature quickly declines during the rapid expansion of the ejecta. NGC 300 OT shows a very simple, monotonic temperature evolution, but in this case we miss the pre-maximum photometric coverage.
	[image: thumbnail]	Fig. 8. Temperature, luminosity, and radius evolution of the hot blackbody of the four ILRTs in our sample. The same values measured for SN 2005cs are shown as a dotted line for comparison.



In the middle panel of Figure 8 we present the bolometric luminosity obtained for the “hot” blackbody. The bolometric luminosity behaves in a similar way to what is described in Sect 3.5, with AT 2019abn and AT 2019udc reaching a similar peak luminosity of 1.4 × 1041 erg s−1. As previously pointed out, their decline rate is quite different: AT 2019udc is characterised by a marked peak followed by a fast decline, while the evolution of AT 2019abn is slower compared to other objects of the same class, although not as flat as the plateau of SNe IIP. AT 2019ahd and NGC 300 OT display more modest peak luminosities, respectively of 4.1 ± 1.0 and 3.4 ± 1.0 × 1040 erg s−1. As for the evolution of the radius of the emitting source, shown in the bottom panel of Figure 8, it appears that all ILRTs in our sample follow a similar behaviour. After maximum, the transients show a roughly constant radius with time, although with different values. AT 2019abn again stands out from the group, showing a blackbody radius that at first quickly increases from 18 ± 2 to 36 ± 3 AU from discovery to peak luminosity, and then remains at 30 to 40 AU in the following 125 days. These values are roughly two to three times those obtained for the other three targets. AT 2019ahd shows qualitatively the same behaviour, with a radius growing from 7 ± 1 to 15 ± 1 AU from discovery to peak magnitude, and a subsequent slow evolution ranging from 14 ± 1 to 18 ± 1 AU within 110 days after maximum. AT 2019udc on the other hand does not show an increase in the radius during the pre-maximum phase, but rather a marginal decrease, from 23 ± 3 to 19 ± 2 AU. The following slow evolution of the blackbody radius between 16 ± 2 and 21 ± 2 AU over the course of 90 days is reminiscent of those of the other two ILRTs already presented. Finally, for NGC 300 OT we do not have pre-maximum data, but the evolution of the blackbody radius after the observed maximum is again slow, spanning from 16 ± 1 to 11 ± 1 AU in 90 days. This tendency of the hot blackbody radius to linger around a constant value is in stark contrast with the monotonic increase in radius for SNe IIP and LL SNe IIP during the first 80 days, as shown by the radial evolution of SN 2005cs.
So far we described the physical properties of the hot blackbody, which is associated with the photosphere of the transient and is usually well visible for ∼100–150 days after maximum. At later phases however, as the gas cools down and expands, an excess in the NIR flux is detected (extending to the MIR, when such measures are available). This feature can be associated with the formation of dust, which contributes to the SED with a second emission component characterised by a low temperature compared to the hot continuum observed in the first months of evolution (T ≲ 1500 K, Botticella et al. 2009; Cai et al. 2018). In Figure 7 are shown the blackbody fits performed to the SED of our targets at epochs when two components coexist. At the latest phases, as the objects shift from the photospheric to the nebular phase, the optical flux is entirely supported by emission lines (Hα, Hβ, [CaII], Ca NIR triplet), and there is no more evidence of a hot spectral continuum. At these epochs we still identify a contribution from the cold blackbody associated with dust emission. This feature is especially clear in AT 2019abn and NGC 300 OT (at 761 days after maximum, see Sect. 6.1) thanks to the MIR measurements. In Figure 9 we present the physical parameters obtained for the cold blackbody component associated with dust emission. In principle this cold blackbody could be the result of a NIR light echo (e.g. Miller et al. 2010). However, the timing of the appearance of this NIR excess (80 days for NGC 300 OT being the shortest) would imply that the dust causing the light echo is located at least ∼6900 AU away from the transient. Botticella et al. (2009) show that the flash from SN 2008S is able to create a dust-free cavity of just ∼2000 AU: it appears unlikely that the energy radiated by our ILRTs can bring such a distant body of dust close to its sublimation temperature (∼1400 K for silicates and ∼1800 K for graphite; e.g. Jiang et al. 2016). Therefore, we favour the interpretation that this cold blackbody component is emitted by newly condensed dust rather than by a light echo. As mentioned above, AT 2019abn displays a NIR excess that can be associated with dust emission even during its rise to maximum. The cold blackbodies resulting from the fit of the NIR excess have a luminosity of 1.3 ± 0.5 × 1040 erg s−1, with temperature decreasing from 1750 K to 1500 K and radius increasing from 90 to 130 AU in one day. After the second detection, at −17 days with respect to maximum, the NIR excess quickly fades, possibly dominated by the increasing contribution from the photosphere of the transient. The cold component reappears in AT 2019abn at ∼180 days, diminishing both in luminosity (from 5 to 2 × 1039 erg s−1) and in temperature (from 1700 K to 1200 K) over the course of about 240 days. After an initial decrease to 45 AU, the radius of the cold blackbody remains around 75 AU. AT 2019ahd develops the cold component sooner, around 110 days. At this phase, the luminosity of the cold blackbody component is ∼3.8 × 1039 erg s−1, with temperature ∼1400 K and radius of ∼80 AU. We stress that the blackbody fits in the earlier epochs are affected by large errors, due to the uncertainty in disentangling the hot and cold components in the SED. At later phases, the behaviour of the cold component of AT 2019ahd is remarkably similar to the one already described for AT 2019abn. For AT 2019udc we have a single late-time observation with coeval J, H and K observations which allows us to perform a credible blackbody fit: the parameters inferred for the dust in AT 2019udc are well in line with those measured at a similar phase for AT 2019ahd and AT 2019abn, in particular a temperature of 1500 ± 100 K, a luminosity of 3.8 ± 0.8 × 1039 erg s−1 and a radius of 68 ± 9 AU.
	[image: thumbnail]	Fig. 9. Temperature, luminosity, and radius evolution of the cold blackbody of the ILRTs in our sample. In the third panel, the dashed line represents the position of material expanding with velocity of 550 km s−1.



In the case of NGC 300 OT, we have a higher cadence of NIR observations (also accounting for previously published observations), allowing us to better constrain the evolution of the cold component. A first, we observe a rather constant temperature ∼1500 K between 70 days and 130 days after maximum. During this time the luminosity of the cold component decreases from 4.8 to 2.6 × 1039 erg s−1, with a consequent shrinkage of the radius from 80 to 60 AU. At this point, the temperature quickly drops to ∼1000 K over the course of 70 days, with the luminosity slowly increasing to 3.6 × 1039 erg s−1 as the radius increases to 150 AU. The subsequent temperature decline is slower, reaching 590 ± 5 K at 761 days, when the transient has faded to 9.3 ± 1.5 × 1038 erg s−1. In the time between 400 days and 760 days the radius slowly increases from 120 AU to 220 AU. This late estimate is possible thanks to publicly available WISE data discussed in the Sect. 6.1. The other two late measurements at 398 and 582 days were performed on MIR data taken by Ohsawa et al. (2010). The bimodal trend for the blackbody radius evolution, which shows an initial shrinking followed by an expansion, has also been discussed by Kochanek (2011) and can be explained as follows. At first we are observing dust formation far from the ejected material, with dust condensing at progressively smaller radii as the transient becomes dimmer and the temperature decreases. We know that the progenitor star was enshrouded in dust (Thompson et al. 2009) before the transient event caused its sublimation, and we may be witnessing the rebirth of this dusty cocoon. As the inner boundary of the condensing dust is reached by the ejected material (or the shock induced by the ejected material in the CSM), the radius of emitting dust starts to increase. This behaviour is also found in SNe, where the dust expands together with the ejecta (e.g. Wesson et al. 2015). As a simple comparison, in the bottom panel of Figure 9 we mark with a dashed line the position of matter expanding with a velocity of 550 km s−1, and we note that the three latest radius measures for NGC 300 OT are compatible with this trend. As will be shown in Paper II, the velocity of 550 km s−1 is also well in line with the full width at half maximum velocity estimated from the emission lines of NGC 300 OT, corroborating the idea that the dust is moving jointly with the expanding gas seen during the photospheric phase. This velocity is also in line with the shock velocity of 560 km s−1 adopted for NGC 300 OT by Kochanek (2011). In this context, it could be tempting to interpret the faster radius increase observed between 130 and 200 days as an indicator of faster material, moving at ∼1200 km s−1. However, the lack of MIR coverage in this critical phase may be noteworthy, as we have to rely on extrapolations based on J, H and K bands for a source rapidly cooling to ∼1000 K. In the latest three epochs, instead, the SED is firmly constrained in the NIR and MIR domains, leading to robust estimates.
The qualitative behaviour of the dust described above is in agreement with the interpretation provided by Kochanek (2011); however, we note that in their analysis both the luminosity and the emitting radius of the dust during the first months of evolution of NGC 300 OT are remarkably higher compared to the results obtained in this section. Kochanek (2011) models the SED of NGC 300 OT through the radiation transfer code DUSTY, which incorporates larger reddening values compared to the ones we adopted, resulting in a larger contribution from the hot blackbody component. Furthermore, the model presented by Kochanek (2011) envisions a significant flux contribution in the MIR domain even during the first three months of evolution, a period during which there are no confirmed MIR detection available (see the first panels of their Figure 5 and Figure 7). Compared to this model, our extrapolation through a blackbody leads to a more modest luminosity contribution in the MIR domain for NGC 300 OT. Such an important increase in flux in the model by Kochanek (2011) is accompanied by larger estimate of the dust radius, which is the first phases is up to ∼100 times larger than what we inferred in our analysis. However, we note that this tension dissipates at later phases, especially when considering late-time observations when MIR data are available: for example, at 761 days after maximum, our estimate of the dust radius of NGC 300 OT is compatible within their error bars with the value provided by Kochanek (2011). This highlights the importance of MIR observations for ILRTs throughout their whole evolution, because unlike other transients the luminosity contribution from this domain could be relevant even at early phases. In any case, the MIR data collected for AT 2019abn show that a remarkable MIR contribution to the SED during the photospheric phase is not ubiquitous in ILRTs (Figure 7).
In order to obtain the bolometric luminosity of ILRTs, we combined the contribution of the hot, photospheric component, and the cold, dusty component. At late epochs, a blackbody continuum is no longer discernible in the optical domain, with only emission lines dominating the spectra. Therefore, to measure the bolometric luminosity in those cases we integrated the fluxes in the optical domain using the trapezoidal rule. On the other hand, at longer wavelengths it was still possible to perform a blackbody fit and integrate the flux even beyond the observed spectral region. While the optical domain only displays emission lines at late times, there still is still evidence of thermal continuum in the NIR and MIR domain. The bolometric luminosity obtained for our sample of ILRTs is reported in Figure 10. We analysed an unprecedented amount of NIR and MIR data for ILRTs, which allowed us to better infer the luminosity contribution at longer wavelengths, crucial at late times. The dotted lines in Figure 10 show the expected behaviour of a light curve powered exclusively by 56Co decay: it is evident that AT 2019abn, AT 2019ahd, and NGC 300 OT are characterised by a late-time decline shallower than what is expected if only 56Co decay is supporting their late-time luminosity. We note that a more shallow slope in the light curve does not exclude the presence of 56Co, but rather requires an additional mechanism to explain the late-time luminosity of ILRTs. Kochanek (2011) suggests that the late-time luminosity of NGC 300 OT is powered by the shocks propagating within the dusty progenitor wind, which produce X-rays that are promptly thermalised and re-emitted as optical and infrared radiation. This explanation could be valid also for AT 2019abn, given the dusty nature of its progenitor star (Jencson et al. 2019), and it can be further extended to AT 2019ahd. In order to estimate an upper limit to the 56Ni mass powering the late linear decline of ILRTs, we employed the analytical formulation provided by Hamuy (2003) for the luminosity of 56Ni and 56Co decay. Considering the first data points available during each linear decline, we obtained upper limits to the 56Ni mass of 5.9 × 10−3 M⊙ for AT 2019abn, 2.0 × 10−3 M⊙ for AT 2019ahd, and 1.1 × 10−3 M⊙ for NGC 300 OT. AT 2019udc is the only object that shows a linear decline fully compatible with the one expected from 56Co decay, resulting in an estimate of 3.3 ± 0.3 × 10−3 M⊙ of 56Ni.
	[image: thumbnail]	Fig. 10. Bolometric light curves of our sample of ILRTs, together with SN 2008S and AT 2017be. The coloured dotted lines show the 56Ni decline rates for the upper limits estimated for each object in oursample.



We can also provide values of the total energy radiated by our ILRTs during the time they were monitored: NGC 300 OT emitted 2.7 × 1047 erg over the course of 760 days, with 1.8 × 1047 erg released in the first 120 days after maximum. Similarly, AT 2019ahd radiated 3.8 × 1047 erg in 440 days, 2.2 × 1047 erg in the first 100 days, while AT 2019udc emitted 4.0 × 1047 erg in about 100 days. Finally, AT 2019abn radiated 1.3 × 1048 erg in 480 days, the vast majority (1.2 × 1047 erg) emitted in the first 240 days. Aside from the total energy released by these transients, the decline rate of their bolometric luminosity at late time appears particularly interesting.
6. Late-time MIR monitoring of ILRTs
6.1. Dust evolution and composition
Ohsawa et al. (2010) monitored the evolution of NGC 300 OT in the IR domain (2–5 μm) at 398 and 582 days, finding that the hot dust component had progressively cooled down to 810 K and ultimately to 680 K. The probed wavelength range did not provide information on the cool, pre-existing dust component, which by that time could only contribute ∼1% of the observed flux. Ohsawa et al. (2010) also set lower limits for the optical depth of the dust: τν > 12 at 398 days and τν > 6 at 582 days, effectively stating that the dust remains optically thick even at very late phases. In this condition, the lower limit to the mass of emitting dust was estimated to be ∼10−5 M⊙.
Thanks to the WISE data collected on 2010 June 17 in the W1, W2, W3, and W4 filters, we were able to expand the analysis on the late-time evolution of the dust in NGC 300 OT, 761 days after maximum. To correct these values for absorption, we extended the reddening law to 22 μm by employing the tabulated values and prescriptions found in Rieke & Lebofsky (1985) and Draine (1989). The late-time K band coverage with SOFI obtained 853 days after maximum allowed us to linearly extrapolate the K-band flux at 761 days in order to have a more detailed SED of the transient. We fit our flux measures through the same procedure detailed in Sect. 5. Following in the footsteps of Ohsawa et al. (2010), instead of a simple Planck function we used f(ν)∝(1 − e−τν)Bv(Td) as a fitting function, where τν is the optical depth, Bν is the Planck function and Td is the dust temperature. The multiplicative factor in front of the Planck function aims to account for the different opacity of dust at different wavelengths. It is relevant to point out that this model is isothermal, while a cloud of optically thick dust would present a temperature gradient, so this is already an approximation.
To better differentiate the properties of the dust depending on the size of the dust grains and their chemical composition, we performed the fits using four different sets of opacity kν, tabulated by Fox et al. (2010). Two sets are opacity values for graphite dust, with grain size of 0.1 and 1 μm respectively, while the other two sets of opacity assume the same grain size, but present a silicate composition. Since the values presented by Fox et al. (2010) only cover up to 13 μm while our data reach 22 μm (thanks to the W4 channel), we had to extrapolate the behaviour of kν in that region. For the graphite dust we followed the prescription from Draine (2016), using a λ−2 scaling. The silicate opacity is instead characterised by an additional bump in opacity around 19 μm: to reproduce it, we adopted the opacity behaviour reported by Draine & Lee (1984). Beyond 9 μm, graphite dust tends to have a lower opacity compared to graphite dust (see Figure A.1). Silicate dust stands out because of the ‘bumps’ in opacity in the MIR domain, in contrast with the smooth behaviour of the graphite opacity.
In Figure 11 are reported the results of the SED fitting procedure for the different dust compositions and grain sizes considered. The parameters obtained are reported in Table 2. The parameters of the best-fitting blackbody are similar regardless of dust particles size. There is, instead, a small variation on whether we adopt graphite dust or silicate dust. The dust temperature obtained for graphite is slightly lower than the temperature obtained for silicate dust, with a radius that is consequently larger. All things considered, the differences between the blackbody parameters of silicate dust and graphite dust are negligible: the real difference lies in the optical depth inferred. We consider the optical depth at 5 μm (τ5), to perform a comparison between the different models. As shown by the dotted lines in Figure 11, at low optical depth (τ5 < 1), the models deviate significantly from the Planck function: silicate dust shows a double peaked emission, while the emission of graphite dust with grains of 1.0 μm is characterised by a ‘shoulder’ at around 3.2 μm. Graphite dust with grains of 0.1 μm do not show such clear features, but the SED model is systematically too narrow to properly fit the observed data in the optically thin case. All the best fits yield optically thick dust at all wavelengths considered. However, in the case of silicate dust the best fit is obtained with an optical depth of τ5 = 20.8 for 0.1 μm grains and τ5 = 15.5 for 1.0 μm grains, basically returning to a Planck function. On the other hand, the optical depth inferred for graphite dust are τ5 = 6.7 for 0.1 μm grains and τ5 = 5.0 for 1.0 μm grains: optically thick, but still distinguishable from a pure Planck function. We notice that none of the models can accurately fit the point at 22 μm: we speculate that this infrared excess is produced by the cold dust component that further cooled down since its detection by Prieto et al. (2009). Finally, through our measures of the optical depth, it was possible to obtain an estimate of the dust mass by using the following equation (as done by Hosseinzadeh et al. 2023):
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	[image: thumbnail]	Fig. 11. Fits to the late-time SED of NGC 300 OT obtained 761 days after maximum. In the different panels are reported the fits for the different dust compositions and grain sizes. The best fit to the data is shown as a solid blue line, while the dashed lines show the effect of changes in the optical depth while keeping temperature and radius of the source fixed.



Table 2. 
Parameters obtained from fitting the SED of NGC 300 OT at 761 d.

Here we are assuming a constant density profile in the dust cloud, which is an additional approximation. Depending on the composition and grain size considered, the inferred dust mass spans from 4.4 × 10−5 M⊙ up to 2.0 × 10−3 M⊙ (see Table 2). It is interesting to note that these values, obtained at ∼800 days after explosion, are perfectly in line with the amount of dust found in the ejecta of core-collapse SNe6 (e.g. Fabbri et al. 2011; Bevan et al. 2020). We note that this fitting procedure was performed on the dust which was identified by Prieto et al. (2009) 93 days after discovery at a temperature of 1510 K (and named warm dust), and whose cooling is tracked in the upper panel of Figure 9. The initial temperature of this dust component is close to the dust sublimation temperature: this behaviour is compatible with newly formed dust which condensed few months after the peak luminosity of NGC 300 OT, and by the time of our fit has cooled down to ∼590 K. Similarly, also the third blackbody component with a temperature of 485 K detected by Prieto et al. (2009) at 93 days (identified as circumstellar dust that survived the explosion) must have cooled down, and the peak of its emission has shifted outside the monitored domain. As mentioned above, this component may be the origin of the exceeding flux observed at 22 μm.
We replicated this SED analysis on AT 2019abn, thanks to publicly available images of M51 taken by the JWST on 2022 December 13 (proposal 1240, PI M.E. Ressler), 2023 June 08, 2023 June 14 (proposal 1783 PI A. Adamo) and 2024 May 31 (3435 PI K.M. Sandstrom). The object is still visible even five years after its peak luminosity: we report the magnitudes obtained with PSF fitting through ECSNOOPY in the online supplementary material. The wavelength coverage of the first three epochs is too scarce to provide a well sampled SED, therefore we focused on the measurements obtained on 2024 May 31, 1956 days after discovery. To fill the gap between the F430M and F1000W filters, we inferred the behaviour of the F560W and F770W filters observed the previous year (2023 June 08). To do so, we assumed a constant colour evolution using the filters F444W (observed on 2023 June 08) and F430M (observed on 2024 May 31) as anchors. The flux in these overlapping filters decreases by a factor of 1.5 between the two epochs, and we assume that the same holds true for the F560W and F770W filters. Since cooling objects tend to become redder, this is likely an underestimation of the fluxes in F560W and F770W on 2024 May 31, yet this simple approximation allowed us to constrain a crucial spectral region of the target. The resulting SED is displayed in Figure 12. Firstly, we point out that the Paα line is located within the F182M filter, and this could account for the relative brightness of the transient in this band, which is therefore excluded from the following discussion.
	[image: thumbnail]	Fig. 12. SED of AT 2019abn 1956 days after discovery. The circles represent flux measurements obtained with JWST on 2024 May 31, while the squares represent data extrapolated from the measurements on 2023 June 08. The solid lines are the best fits for dust with different composition and grain size.



In Figure 12 we show as solid lines the various fits to the observed SED of AT 2019abn with dust models characterised by different chemical composition and grain size. Parameters of each fit are shown in Table 3. The luminosity of the transient is found to be (2.8 ± 0.1)× 1038 erg s−1 (in Figure A.2 this result is added to the bolometric light curve of AT 2019abn, updating Figure 10). There is a discrepancy in the resulting temperature and radius depending on the dust composition: in the case of graphite, the best fits yield a temperature of ∼350 K and a radius of ∼350 AU, while for the silicate dust the temperature found is ∼370 K, with a blackbody radius of ∼300 AU. Grain size only plays a marginal role in shaping these results. Graphite dust models yield high optical depth (τ5 ≫ 1), leading to infer lower limits to the dust masses in the order of several 10−3 M⊙. On the other hand, the best-fitting silicate dust models are closer to the optically thin regime (τ5 ∼ 1), with inferred dust masses of the order of ∼2 × 10−4 M⊙. These results, however, need to be interpreted with caution, since even the best fits struggle to accurately reproduce the observed data. The observed departure from a simple blackbody is likely due to the presence of polycyclic aromatic hydrocarbons (PAHs). Rose et al. (2024) present a JWST spectrum of AT 2019abn taken on 2022 December 13, 18 months earlier than the SED shown in Figure 12, and they find two strong broad features at 6.3 μm and 8.25 μm which are identified as class C PAH. This is quite relevant in the characterisation of ILRTs: the observations of PAH in AT 2019abn by Rose et al. (2024) corroborate the identification of PAH in the MIR spectrum of NGC 300 OT by Prieto et al. (2009). The presence of class C PAH heavily favours a carbon-rich environment for AT 2019abn, NGC 300 OT, and by extension all ILRTs. Rose et al. (2024) also note that class C PAH are commonly found in post-AGB sources, compatibly with an ECSN origin for these objects. Accurate PAH modelling is beyond the scope of this study and is deferred to later works. Beyond these considerations on the shape of the SED, JWST observations provide valuable information on the MIR luminosity evolution of AT 2019abn five year after its discovery, as discussed in the following section.
Table 3. 
Parameters obtained from fitting the SED of AT 2019abn at 1956 d.

6.2. Photometric decline below progenitor luminosity
Adams et al. (2016), monitored the two ILRTs NGC 300 OT and SN 2008S with the Spitzer telescope for several years, until they both faded below the luminosity of their respective progenitor. We update this follow-up campaign by analysing the Spitzer images collected between 2015 October 20 and 2019 November 24 with the Spitzer [4.5] μm channel. A visual inspection of the images shows that NGC 300 OT has faded below the detection threshold (Figure 13, left panel). We measure the flux on all public Spitzer [4.5] μm images through PSF fitting employing ECSNOOPY. Our results are in good agreement with the values measured with aperture photometry by Adams et al. (2016), with the exception of the very last detection, on 2015 February 09: we find a value of 600 ± 300 L⊙ against the 140 ± 110 L⊙ obtained with aperture photometry (the difference can be appreciated on the right panel of Figure 13). The complex background surrounding the target, as seen in the left panel of Figure 13, contributes to the uncertainty of this measure. All the images collected from that moment only provide upper limits to the luminosity of NGC 300 OT: in particular, in the right panel of Figure 13 we show the 1σ limits obtained from PSF fitting. We therefore confirm that since 2015 NGC 300 OT has faded below the detection threshold, well below the progenitorluminosity.
	[image: thumbnail]	Fig. 13. Late-time MIR evolution of ILRTs. Left panel: Images of NGC 300 OT in the [4.5] μm channel of Spitzer from the progenitor until the disappearance of the transient. Right panel: Updated version of the figure shown in Adams et al. (2016), with their measurements in the [4.5] μm channel shown as circles. Additional data points for NGC 300 OT and AT 2019abn are shown as stars (upper limits are represented as empty symbols). We also show the JWST data point of AT 2019abn obtained by Rose et al. (2024). The progenitor luminosity of each transient is shown as a horizontal dashed line.



We are also able to include AT 2019abn among the ILRTs with MIR coverage spanning several years. The light curve up to ∼500 days is provided by the Spitzer and WISE monitoring already shown in Figure 1, while the last two epochs are provided by the late JWST observations obtained 1598 and 1956 days after discovery and presented in the previous section. Despite the slight mismatch in the covered wavelength, the JWST filters F444W and F430M are sufficiently close to the [4.5] μm and W2 filters to provide a coherent light curve, which is shown with red stars symbols in Figure 13. The behaviour of AT 2019abn is similar to that of SN 2008S, where the initial decline rate significantly slows down after ∼200 days. It is interesting to consider the evolution of the transient compared to its progenitor luminosity in the [4.5] μm channel provided by Jencson et al. (2019), which is marked in Figure 13 as a red horizontal dashed line. It is possible to notice that on 2023 June 08 AT 2019abn has already faded below its progenitor luminosity, with the latest measure obtained on 2024 May 31 being over two times dimmer than the luminosity of the star before the event. All three ILRTs that were monitored for multiple years in the MIR domain eventually became dimmer than their progenitor star, and so far none of them has shown sign of stopping their steady luminosity decline: this fact supports the interpretation that ILRTs are terminal events.
7. Template light curve
In order to better characterise this class of objects, we produce an r band template light curve for ILRTs. We are also motivated by the potential usefulness of these templates in our future attempts to classify new transients discovered by the Vera Rubin Observatory (formerly Large Synoptic Survey Telescope, Ivezić et al. 2019) and released by dedicated science brokers such as Lasair (Smith et al. 2019) and Alerce (Förster et al. 2021). With the foreseen amount of data, it will be impossible to study in detail every single target, and template light curves for different classes of transient could prove to be useful tools for filtering the data stream, in addition to the classification algorithms and tools that are currently being developed (e.g. Fraga et al. 2024; de Soto et al. 2024). Apart from NGC 300 OT, AT 2019abn, AT 2019ahd and AT 2019udc, which were presented above, we broaden our sample including SN 2002bu (Smith et al. 2011), SN 2008S (Botticella et al. 2009), AT 2017be (Cai et al. 2018), SNHunt120 (Stritzinger et al. 2020), AT 2010dn, AT 2013jc, AT 2013la, AT 2013lb, AT 2018aes (Cai et al. 2021), and AT 2022fnm (Moran et al. 2024). We chose to focus on the r-band, since it is typically well-sampled and allows for a reliable comparison between objects. The peak absolute magnitude of different ILRTs can span at least three magnitudes (from −12 mag to −15 mag, see Figure 5): however, here we are interested in recovering just the expected light curve shape of ILRTs. For this reason we normalised the peak magnitude of all objects considered to the same arbitrary value. Both the light curve shape and the absolute magnitude at peak can then be used as filters to identify future ILRTs candidates.
As a first step to produce a light curve template we made use of Gaussian Processes to interpolate the light curves of each object (see e.g. Inserra et al. 2018 for a more detailed description of the procedure). In particular, we employed the MATERN 3/2 kernel found in the PYTHON package GEORGE (Ambikasaran et al. 2015), and as for the mean function we adopted equation 1 given by Bazin et al. (2011). It is worth noting that we performed the interpolation procedure in the “luminosity – time” space. Given the different sampling of each event, this first step was performed to ensure that each objects holds the same weight in the construction of the template, regardless of how many data points were collected at a given phase. After interpolating the light curve of each object, we recovered the mean value and the standard deviation of the ILRTs luminosity within temporal bins of 3 days, which we empirically chose as a good compromise that yields a rather smooth template which still has a reasonable time resolution. The resulting template light curve of an ILRT is shown as a black solid line in the upper panel of Figure 14, with the grey shaded area representing the 1 σ deviation from the mean.
	[image: thumbnail]	Fig. 14. Template light curves obtained for ILRTs. The solid black line represents the ILRTs template light curve, while the grey shaded area shows the 1σ deviation from the mean. The coloured dashed lines display the interpolation performed on each object. In the bottom panels the ILRTs are separated between slow and fast declining objects.



Due to the low number of available ILRTs, the rising part of the template becomes reliable only at about −10 days with respect to maximum luminosity: before that phase the template is dominated by the widely different behaviours of AT 2019abn and AT 2018aes. The overall template light curve rises of about 0.5 mag from −10 days to 0 days, and fades by 1 mag from maximum to 50 days. As time progresses, the 1σ region gets wider, with objects evolving at different rates. Objects fading below the detection threshold can result in a jagged profile of the template, as happens at about 100 days due to the disappearing of AT 2018aes and AT 2022fnm. There is a variety of properties in the light curves of the considered ILRTs, but we can roughly divide them in two subclasses, based on their behaviour in the 50 days after maximum. The first group of objects present slowly declining, convex light curves, which on average only fade by 0.8 mag from day 0 to day 50. The second group of objects display fast declining, concave light curves, which on average fade by more than 1.3 mag in the same time span (see Figure 14, lower panels). While this distinction is clear in some cases (AT 2019abn and AT 2019ahd are slow decliners, while AT 2019udc and AT 2022fnm are fast decliners), there are some objects with intermediate properties, such as AT 2013la, whose light curve quickly fades in the first two months, only to flatten after 75 d, ultimately becoming even brighter than AT 2019abn after 130 d. Another outlier is AT 2018aes, which is characterised by the shallowest rise to maximum light, followed by a rather standard slow decline for 40 days before abruptly fading by 3.2 mag in 60 days. The dichotomy between slow and fast declining ILRTs is reminiscent of the division between SNe IIP and IIL (e.g. Anderson et al. 2014), with the progenitors of the slow declining ILRTs retaining larger hydrogen envelopes compared to the progenitors of fast declining ILRTs. A larger sample of ILRTs is needed to verify if this analogy holds true or if it is a mere coincidence.
8. A toy model for ILRTs light curves
In this section we present a simple model in the attempt to reproduce the shape of the bolometric light curves of ILRTs in the context of a weak SN explosion. The end goal is to obtain a rough estimate of parameters such as the amount of mass ejected and its velocity. The basic concepts are taken from Chatzopoulos et al. (2012), which in turn expand the approach introduced by Arnett (1980, 1982). First of all, 56Ni radioactive decay is expected to be a relevant power source for SNe, and its luminosity over time is given by the equation
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where MNi is the mass of synthesised 56Ni, tNi and tCo are the half lives of 56Ni and 56Co, while ϵNi and ϵCo are the energy generation rates of 56Ni and 56Co released during the radioactive decay. A is a constant that accounts for the opacity of the ejecta to γ-rays, with large values of A corresponding to complete trapping. The constant values are the same reported in Chatzopoulos et al. (2012). This equation takes into account the diffusion time through an homologously expanding gas of mass M, initial radius R0 and characteristic expansion velocity v. As discussed in Paper II, the velocity inferred from the width of the emission lines of our sample of ILRTs can reach only up to ∼103 km s−1. However, the observed emission lines of ILRTs originate in a dense CSM which is obscuring the underlying material: as happens for SNe IIn, fast ejecta may be hiding below this layer of dense gas. Theoretical expectations for ECSNe suggest that their ejecta should be less energetic than a standard SN (v ≲ 104 km s−1). The characteristic timescale td of the light curve can be written as a combination of the diffusion timescale t0 and the hydrodynamical timescale th:
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Here β is a constant linked to the density profile of the mass, and k is the opacity of the ejecta, for which we adopted a value of 0.33 cm2 g−1.
As an additional source of luminosity, we considered the radiation emitted by the expanding and cooling gas, which was heated by the blast wave that followed the explosion. This term was already introduced by Arnett (1980) to reproduce the slowly declining light curves of SNe IIP. Using the formalism of Chatzopoulos et al. (2012), this luminosity term can be written as
[image: thumbnail](4)
where Eth is the internal energy which was deposited in the ejecta during the explosion. To better reproduce the observed shape of the light curve, we considered two blast terms: one associated with the envelope, less massive and more extended, characterised by a short diffusion time, and another associated with the bulk of the ejecta, more massive and dense, with a much longer diffusion timescale. Dividing the ejecta in two regions is not a novelty: this approach has been successfully used, for example, by Nagy & Vinkó (2016). The total time dependent luminosity is therefore the sum of these three contributions:
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The final piece of the model is the thick CSM surrounding the transient, which is a key feature observed in ILRTs spectra. This element does not provide additional energy, but it simply reprocesses the total luminosity emitted by the ejecta and 56Ni, delaying its appearance. To reproduce this effect, we made use of the fixed photosphere approximation presented by Chatzopoulos et al. (2012)
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where tCSM is the diffusion time through the thick CSM shell surrounding the transient. Its effect is crucial in the first phases, during which the blast terms Lbulk and Lenvelope start abruptly from the maximum luminosity, without a rising phase. A CSM shell with a diffusion time of few days allow the model to reproduce the rise observed in ILRTs. In Figure 15 are shown the models and the bolometric light curves they are trying to emulate. The contribution of each component is shown with different colours: the parameters relative to each of them are reported in Table 4. One weakness of this approach is the assumption of spherical symmetry, which may be a crude approximation in the case of these transients (e.g. Soker & Kashi 2012). An additional fragility is the large number of free parameters, as well as the degeneracy between some of them: similar solutions can be obtained while inputting different parameters. A relevant degeneracy is found between the characteristic velocity of the ejecta and their mass, since the same diffusion time can be obtained by either increasing or decreasing both the mass and velocity of the ejecta. In such cases, spectroscopic observations may provide useful constraints on the velocities to input in the models. In the case of ILRTs, the velocities inferred from the full width at half maximum of the lines is typically below ∼1000 km s−1; however, as discussed in Paper II, this observation does not exclude the presence of faster ejecta located underneath the CSM, as happens for type IIn SNe. Our main goal in this section is to evaluate if the bolometric light curves of ILRTs are compatible with weak SN events. We therefore try to find models with kinetic energy of a few 1050 erg, as expected for ECSNe explosions (Janka et al. 2008). This choice will inevitably lead to infer ejecta velocities larger than the ones measured on the spectra of ILRTs, with the idea that this faster ejecta should lie below a layer of CSM, responsible for the emission of the narrow lines. For completeness, at the end of this section we also report the ejected masses obtained by adopting the velocities measured from the narrow lines in the spectra of our ILRTs: these values can provide reasonable lower limits to the masses ejected during these events.
	[image: thumbnail]	Fig. 15. Bolometric light curves of our sample of ILRTs (represented as black circles) with a toy model reproducing their shape. The errors on the data points, dominated by the uncertainty on distance and reddening estimations, are reported as a grey shaded area. The toy models attempting to reproduce the behaviour of each transient is shown as a solid light blue line. The energy sources powering the different phases of the light curves are shown as dashed lines.



Table 4. 
Parameters used in the models displayed in Fig. 15.

AT 2019abn is definitely the most successful example within our sample. The emission from a rather massive envelope of 1 M⊙, combined with a CSM diffusion time of 10 days, seems
to properly reproduce the rise and the maximum phases. The subsequent slow decline can be explained by 7 M⊙ of ejecta moving with a characteristic velocity of
1900 km s−1, leading to a rather large diffusion time and a photospheric phase lasting around 200 days. The 56Ni contribution is not significant until the
late phases, and it is definitely too faint to explain the evolution after 200 days: as mentioned in the previous section, an additional source of energy is likely needed to explain the late-time luminosity of ILRTs. The parameters used to model AT 2019ahd do not differ significantly from the ones used for AT 2019abn: they are mainly scaled down in mass (4 M⊙ of ejecta in total) and internal energy of the ejecta. The blast term associated with the envelope is not as crucial, but the overall evolution appears to be reproduced sufficiently well, excluding the late shallow decline. The larger characteristic velocity 4500 km s−1 and lower ejected mass compared to AT 2019abn leads to a shorter diffusion time, with the energy released by 56Ni decay becoming relevant around 60 days after explosion. Since we miss the first evolutionary phases of NGC 300 OT, we only use a single blast term (associated with the bulk of the ejecta) plus 56Ni decay to reproduce the data: the blast term associated with the envelope is relevant during the early phases, so it is difficult to constrain in this case. Apart from this, the parameters used for NGC 300 OT are very similar to the ones used for AT 2019ahd, except for a slightly lower characteristic velocity of 3500 km s−1, and a marginally larger ejected mass of 4.2 M⊙, leading to a longer photon diffusion time through the ejecta. The same conclusions cannot be reached for AT 2019udc, which is definitely an outlier in this sample. First of all, the fast decline hints at the presence of a single blast term. Most strikingly, the evolution of AT 2019udc is much faster compared to the other transients considered so far. For this reason the diffusion time within the ejecta must be much lower: this leads to a low ejected mass and a high scale velocity, several times higher compared to the other ILRTs mentioned so far. Finally, it is worth noticing that in the case of AT 2019udc, 56Ni decay is a key element to reproduce the observed late-time data points, but it also becomes the dominant contribution within three weeks after explosion, much earlier compared to other ILRTs studied.
All the masses mentioned so far are just relative to the ejected material: in the scenario in which ILRTs arise from a core collapse event, a compact remnant is expected to be left behind. Since the mass of the remnant can be estimated to be 1.3–2.0 M⊙ (Pumo et al. 2017), the inferred mass of our sample of ILRTs right before the explosion adds up to 5.3–6.0 M⊙ for AT 2019ahd, 5.5–6.2 M⊙ for NGC 300 OT and 9.3–10 M⊙ for AT 2019abn. These values are compatible with the expectations for SAGB stars and consequently ECSN events, especially accounting for the fact that some mass was likely lost during the evolution of the star, therefore leading to a slightly higher ZAMS. AT 2019udc, with its estimated progenitor mass of just 2.2–2.9 M⊙ at the time of explosion, sets itself apart from the rest of the sample, although its origin could be tentatively explained as an ECSN arising from a SAGB star that underwent extreme mass loss. This scenario, however, needs to be more thoroughly explored, since within the present model AT 2019udc struggles to be reconciled with an ECSN event. We note that the toy model presented in this section is a simplified approach to the light curve modelling of ILRTs: more detailed models envisioning hydrodynamical modelling should be used to retrieve more robust estimates of the explosion parameters of these objects. Accounting for the possible luminosity contribution from ejecta-CSM interaction will also be an important step forward: while ILRTs never display spectral signatures typically associated with strong shocks, there may be hidden CSM interaction powering their light curve (Paper II). The puzzling results obtained for AT 2019udc may be significantly revised by using a more refined approach.
As a final application, we can use the model described above to provide lower limits to the masses ejected during the observed events. To do so, instead of placing constraints on the kinetic energy of each object to reproduce the expected values of a weak SNe event, we adopt the observed velocities of each object (Figure 7 in Paper II) as characteristic ejecta velocity in the models. Due to the degeneracy between mass and velocity mentioned above, we can find models that reproduce the data as shown in Figure 15 by adjusting the ejected mass accordingly. The masses needed to reproduce the bolometric light curves in these conditions provide a lower limit to the ejected mass, based on the fact that the characteristic velocity of the ejecta could be higher than the observed ones (if fast ejecta lie beneath the CSM), but cannot be lower. Here we present the resulting masses for each transient, with the adopted characteristic velocity in brackets: 2.6 M⊙ for AT 2019abn (v ∼ 700 km s−1), 0.7 M⊙ for AT 2019ahd (v ∼ 700 km s−1), 0.8 M⊙ for NGC 300 OT (v ∼ 600 km s−1) and 0.05 M⊙ for AT 2019udc (v ∼ 600 km s−1). We note that our lower mass limit obtained for NGC 300 OT fulfils the lower limit on the ejected mass of ≳0.25 M⊙ provided by Kochanek (2011) based on considerations on the late-time shock luminosity.
9. Summary and conclusions
In this work we present datasets for NGC 300 OT, AT 2019abn, AT 2019ahd, and AT 2019udc. AT 2019abn and AT 2019udc stand out for their bright peak magnitude (Mr = −14.7 mag and −14.2 mag respectively). On the other hand, NGC 300 OT and AT 2019ahd are characterised by a more modest peak magnitude (Mr = −12.9 mag and −13.0 mag). We detect a NIR excess in the SEDs of three of our ILRTs, AT 2019abn, AT 2019ahd, and NGC 300 OT, tentatively associated with dust formation. At late phases, the contributions in the NIR and MIR domains to the bolometric light curve cause a decline shallower than the luminosity decline supported by the 56Ni decay, hinting at the presence of an additional powering mechanism. As suggested by Kochanek (2011), this could be a sign of shocks sweeping the dust surrounding the transients. The only exception we have found so far is AT 2019udc, which shows a late-time decline perfectly described by the radioactive decay of 3.3 × 10−3 M⊙ of 56Ni. We also note that AT 2019udc displays the fastest evolution timescale among the ILRTs observed, making it a peculiar object within a peculiar class.
The late-time monitoring of NGC 300 OT with WISE allows us to build the SED of the transient 761 days after maximum. From its study, we infer a dust mass of the order of 10−5–10−3 M⊙, depending on the composition and size of the grains adopted. Furthermore, the evolution of NGC 300 OT has been monitored with Spitzer for several years, showing a steady dimming of the flux at the transient position over 4 years. This strengthens the argument suggested by Adams et al. (2016) that NGC 300 OT was a terminal event. Thanks to JWST observations, we were able to show that AT 2019abn also faded below its progenitor luminosity in the MIR domain. Its SED appears to depart from a simple blackbody, possibly due to the presence of PAH emission features. Finally, a simple model is presented in the context of a SN explosion, with the goal of estimating the parameters that characterise the transients. For AT 2019abn, 2019ahd, and NGC 300 OT, the low masses ejected (between 4 and 8 M⊙) and low velocity of the material (up to 5000 km s−1) are compatible with a weak explosion from a low-mass star. AT 2019udc is an outlier in this sense since its very fast decline rate leads to inferring high velocity (12 000 km s−1) and a remarkably low ejected mass (0.9 M⊙), which would suggest a different type of event. However, accurate hydrodynamical modelling and taking into account the role of ejecta-CSM interaction will indubitably help with the analysis and interpretation of this transient and the whole class of objects. Overall, due to their low energy and their likely terminal nature inferred from their MIR decline, ILRTs remain solid candidates for being ECSNe.
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Appendix A:  Additional figures
	[image: thumbnail]	Fig. A.1. Opacity of dust with different compositions (graphite and silicates) and grain sizes (0.1 and 1 μm). The reported values were tabulated by Fox et al. (2010) and extended to 22 μm as detailed in Section 6.1.



	[image: thumbnail]	Fig. A.2. Updated version of Figure 10 including the late-time luminosity of AT 2019abn measured on JWST data collected on 2024 May 31.
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	[image: thumbnail]	Fig. 1. Optical, NIR, and MIR light curves of AT 2019abn. The filled circles represent the unpublished data, while the empty circles represent the data points from the literature. The empty triangles represent the upper limits.
In the text



	[image: thumbnail]	Fig. 2. Optical and NIR light curves of AT 2019ahd. Filled circles represent unpublished data, while empty circles represent ZTF data points. Empty triangles represent upper magnitude limits. Magnitude shifts on i and z bands have been applied for clarity.
In the text



	[image: thumbnail]	Fig. 3. Photometric data collected for AT 2019udc. In the right panel we present optical and NIR light curves of AT 2019udc. Magnitude shifts have been applied for clarity. Filled circles represent unpublished data, while empty circles represent ZTF data points. In the left panels is shown DLT40 monitoring of AT 2019udc. In particular, in the upper left panel is shown the high-cadence follow-up of the rise of AT 2019udc. The DLT40 data points are shown as stars and are integrated with observations obtained through other facilities, represented as circles. In the lower left, years of upper limits collected by DLT40 are displayed as black triangles, with the detections of the transient appearing as green symbols at the right edge of the figure.
In the text



	[image: thumbnail]	Fig. 4. UV, optical, and NIR light curves of NGC 300 OT. Empty triangles represent upper limits. Filled circles represent unpublished data, while empty circles represent publicly available SWIFT data.
In the text



	[image: thumbnail]	Fig. 5. Absolute r band (upper panel) and H band (lower panel) light curve comparison between the ILRTs in our sample and other low-luminosity transients. In particular, ILRTs are marked with circles, LRNe with plus signs, and SN IIP with diamonds.
In the text



	[image: thumbnail]	Fig. 6. Colour curves after reddening correction for the ILRTs belonging to our sample, with the addition of SN 2008S and AT 2017be. In the top two panels the optical colours are shown, in the bottom panel the NIR colour evolution.
In the text



	[image: thumbnail]	Fig. 7. SED evolution of AT 2019abn, AT 2019ahd, NGC 300 OT, and AT 2019udc. Flux measurements are shown as black circles. In the first phases of their evolution, a single blackbody closely approximates the evolution of the SED. At later phases a second cooler blackbody is needed to reproduce the NIR flux excess. Epochs are reported with respect to maximum light. Flux shifts have been applied for clarity.
In the text



	[image: thumbnail]	Fig. 8. Temperature, luminosity, and radius evolution of the hot blackbody of the four ILRTs in our sample. The same values measured for SN 2005cs are shown as a dotted line for comparison.
In the text



	[image: thumbnail]	Fig. 9. Temperature, luminosity, and radius evolution of the cold blackbody of the ILRTs in our sample. In the third panel, the dashed line represents the position of material expanding with velocity of 550 km s−1.
In the text



	[image: thumbnail]	Fig. 10. Bolometric light curves of our sample of ILRTs, together with SN 2008S and AT 2017be. The coloured dotted lines show the 56Ni decline rates for the upper limits estimated for each object in oursample.
In the text



	[image: thumbnail]	Fig. 11. Fits to the late-time SED of NGC 300 OT obtained 761 days after maximum. In the different panels are reported the fits for the different dust compositions and grain sizes. The best fit to the data is shown as a solid blue line, while the dashed lines show the effect of changes in the optical depth while keeping temperature and radius of the source fixed.
In the text



	[image: thumbnail]	Fig. 12. SED of AT 2019abn 1956 days after discovery. The circles represent flux measurements obtained with JWST on 2024 May 31, while the squares represent data extrapolated from the measurements on 2023 June 08. The solid lines are the best fits for dust with different composition and grain size.
In the text



	[image: thumbnail]	Fig. 13. Late-time MIR evolution of ILRTs. Left panel: Images of NGC 300 OT in the [4.5] μm channel of Spitzer from the progenitor until the disappearance of the transient. Right panel: Updated version of the figure shown in Adams et al. (2016), with their measurements in the [4.5] μm channel shown as circles. Additional data points for NGC 300 OT and AT 2019abn are shown as stars (upper limits are represented as empty symbols). We also show the JWST data point of AT 2019abn obtained by Rose et al. (2024). The progenitor luminosity of each transient is shown as a horizontal dashed line.
In the text



	[image: thumbnail]	Fig. 14. Template light curves obtained for ILRTs. The solid black line represents the ILRTs template light curve, while the grey shaded area shows the 1σ deviation from the mean. The coloured dashed lines display the interpolation performed on each object. In the bottom panels the ILRTs are separated between slow and fast declining objects.
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	[image: thumbnail]	Fig. 15. Bolometric light curves of our sample of ILRTs (represented as black circles) with a toy model reproducing their shape. The errors on the data points, dominated by the uncertainty on distance and reddening estimations, are reported as a grey shaded area. The toy models attempting to reproduce the behaviour of each transient is shown as a solid light blue line. The energy sources powering the different phases of the light curves are shown as dashed lines.
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	[image: thumbnail]	Fig. A.1. Opacity of dust with different compositions (graphite and silicates) and grain sizes (0.1 and 1 μm). The reported values were tabulated by Fox et al. (2010) and extended to 22 μm as detailed in Section 6.1.
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	[image: thumbnail]	Fig. A.2. Updated version of Figure 10 including the late-time luminosity of AT 2019abn measured on JWST data collected on 2024 May 31.
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      Fig. 3. 
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        Photometric data collected for AT 2019udc. In the right panel we present optical and NIR light curves of AT 2019udc. Magnitude shifts have been applied for clarity. Filled circles represent unpublished data, while empty circles represent ZTF data points. In the left panels is shown DLT40 monitoring of AT 2019udc. In particular, in the upper left panel is shown the high-cadence follow-up of the rise of AT 2019udc. The DLT40 data points are shown as stars and are integrated with observations obtained through other facilities, represented as circles. In the lower left, years of upper limits collected by DLT40 are displayed as black triangles, with the detections of the transient appearing as green symbols at the right edge of the figure.

      

    

  
    
      Fig. 5. 
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        Absolute r band (upper panel) and H band (lower panel) light curve comparison between the ILRTs in our sample and other low-luminosity transients. In particular, ILRTs are marked with circles, LRNe with plus signs, and SN IIP with diamonds.

      

    

  
    
      Fig. 7. 
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        SED evolution of AT 2019abn, AT 2019ahd, NGC 300 OT, and AT 2019udc. Flux measurements are shown as black circles. In the first phases of their evolution, a single blackbody closely approximates the evolution of the SED. At later phases a second cooler blackbody is needed to reproduce the NIR flux excess. Epochs are reported with respect to maximum light. Flux shifts have been applied for clarity.

      

    

  
    
      Fig. 10. 
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        Bolometric light curves of our sample of ILRTs, together with SN 2008S and AT 2017be. The coloured dotted lines show the 56Ni decline rates for the upper limits estimated for each object in oursample.

      

    

  
    
      Fig. 11. 
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        Fits to the late-time SED of NGC 300 OT obtained 761 days after maximum. In the different panels are reported the fits for the different dust compositions and grain sizes. The best fit to the data is shown as a solid blue line, while the dashed lines show the effect of changes in the optical depth while keeping temperature and radius of the source fixed.

      

    

  
    
      Fig. 12. 
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        SED of AT 2019abn 1956 days after discovery. The circles represent flux measurements obtained with JWST on 2024 May 31, while the squares represent data extrapolated from the measurements on 2023 June 08. The solid lines are the best fits for dust with different composition and grain size.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Late-time MIR evolution of ILRTs. Left panel: Images of NGC 300 OT in the [4.5] μm channel of Spitzer from the progenitor until the disappearance of the transient. Right panel: Updated version of the figure shown in Adams et al. (2016), with their measurements in the [4.5] μm channel shown as circles. Additional data points for NGC 300 OT and AT 2019abn are shown as stars (upper limits are represented as empty symbols). We also show the JWST data point of AT 2019abn obtained by Rose et al. (2024). The progenitor luminosity of each transient is shown as a horizontal dashed line.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Template light curves obtained for ILRTs. The solid black line represents the ILRTs template light curve, while the grey shaded area shows the 1σ deviation from the mean. The coloured dashed lines display the interpolation performed on each object. In the bottom panels the ILRTs are separated between slow and fast declining objects.

      

    

  
    
      Fig. 15. 
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        Bolometric light curves of our sample of ILRTs (represented as black circles) with a toy model reproducing their shape. The errors on the data points, dominated by the uncertainty on distance and reddening estimations, are reported as a grey shaded area. The toy models attempting to reproduce the behaviour of each transient is shown as a solid light blue line. The energy sources powering the different phases of the light curves are shown as dashed lines.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Opacity of dust with different compositions (graphite and silicates) and grain sizes (0.1 and 1 μm). The reported values were tabulated by Fox et al. (2010) and extended to 22 μm as detailed in Section 6.1.
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