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Abstract

Aims. We study the activity evolution of the main-belt comet 324P/La Sagra over time and the properties of its emitted dust.

Methods. We performed aperture photometry on images taken by a wide range of telescopes at optical and thermal infrared wavelengths between 2010 and 2021. We derived the combined scattering cross section of the nucleus and dust (when present) as a function of time, and we derived the thermal emission properties.

Results. Fitting an IAU H-G phase function to the data obtained when 324P was likely inactive, we derived an absolute nucleus magnitude HR = (18.4 ± 0.5) mag using G = 0.15 ± 0.12. The activity of 324P/La Sagra during the 2015 perihelion passage has significantly decreased compared to the previous perihelion passage in 2010, and it decreased even further during the 2021 perihelion passage. This decrease in activity may be attributed to mantling or to the depletion of volatile substances. The A f ρ profile analysis of the coma of the main-belt comet suggests a near-perihelion transition from a lower-activity pre-perihelion to a higher-activity post-perihelion steady state. We calculate a dust geometric albedo in the range of (2–15)%, which prevents us from constraining the spectral type of 324P/La Sagra, but we found an indication of dust superheating at 4.5 μm.
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1 Introduction
Active asteroids exhibit comet-like dust emission, but have asteroid-like orbits (with a Tisserand parameter with respect to Jupiter TJ ≳ 3, and with a location inside the Jupiter orbit). Main-belt comets (MBCs) are a subgroup of active asteroids (Jewitt et al. 2015; Hsieh & Sheppard 2015). The dust emission in MBCs is due to ice sublimation (Hsieh et al. 2012a; Jewitt et al. 2015), while in active asteroids that are not driven by sublimation, it is due to events such as impacts (Jewitt et al. 2011; Bodewits et al. 2011; Ishiguro et al. 2011; Kim et al. 2017a,b) or rotational destabilization (Jewitt et al. 2013, 2014a; Drahus et al. 2015; Sheppard & Trujillo 2015). Observationally, MBCs are usually identified through the specific time-dependence of the activity: They are active near perihelion, and the activity continues for an extended period of time of at least a few weeks, and it recurs during successive perihelia. In non-MBC active asteroids, the activity can occur at any true anomaly and can consist of single-time events, but is not limited to them.
Currently, only the James Webb Space Telescope (JWST) has a sufficiently high sensitivity to spectroscopically detect water vapor near an MBC. The first such detection was reported for 238P/Read (Kelley et al. 2023). This was the first detection of water-outgassing from a main-belt object that also emits visible dust. Küppers et al. (2014) detected water-vapor plumes without associated dust from the dwarf planet Ceres.
In the absence of spectroscopic evidence, repeated and prolonged dust-emission activity in MBCs near perihelion is still considered a strong indicator of sublimation, because this behavior is difficult to explain as the direct result of other mechanisms (Hsieh et al. 2008, 2011, 2012a,b; Hsieh 2015; Moreno et al. 2011, 2013; Jewitt et al. 2014b; Pozuelos et al. 2015). However, the survival of primordial water ice in main-belt objects after billion-year timescales has been shown to be possible by numerical thermal models only when the ice is buried under a protective dusty layer (Fanale & Salvail 1989; Schorghofer 2008, 2016; Prialnik & Rosenberg 2009; Schörghofer & Hsieh 2018). Hence, MBC activity needs a trigger event to expose this buried ice to solar irradiation. One possible trigger may be collisions (Haghighipour et al. 2016, 2018). The dust emission of the MBCs is then driven by the sublimation of these recently exposed materials (Hsieh et al. 2004; Hsieh & Jewitt 2006). Direct ice exposure is not necessary to activate MBCs, because a mere reduction of the dust layer thickness at the bottom of a crater may be sufficient for the underlying ice to sublimate (Capria et al. 2012). Most MBCs have their peak activity after perihelion. This delay in the sublimation process may be due to the time needed for the thermal wave to reach the ice buried in the subsurface (Hsieh 2015).
However, fast rotation may also play a role in triggering ice sublimation and/or sustaining dust emission against gravity. For example, the activity of 133P/Elst-Pizarro, the first MBC discovered in 1996, may be due to the combined effects of an initial triggering impact, sublimation, and rapid rotation (Hsieh et al. 2004, 2010; Hsieh 2015; Jewitt et al. 2014b).
Numerical models show that the orbits of most MBCs are dynamically stable, indicating that these objects formed in the main asteroid belt (Haghighipour 2009; Jewitt et al. 2009; Hsieh et al. 2012a,b). There they would have been dormant for a long time until their recent activation (Hsieh et al. 2004; Capria et al. 2012). Some studies also suggested that MBC activation may be facilitated by the preceding collisional breakup of larger parent bodies that would leave subsurface ice at comparatively shallow depths (Hsieh et al. 2018b). However, the orbits of a few MBCs are unstable on timescales of 20–30 Myr, suggesting that they may have reached their current orbital locations through interactions with giant planets (Haghighipour 2009; Jewitt et al. 2009). Some MBCs may even have formed in the outer Solar System and been captured into the main asteroid belt (Haghighipour 2009; Hsieh & Haghighipour 2016; Kim et al. 2022).
The MBC 324P/La Sagra (hereafter 324P) was discovered in 2010 as P/2010 R2 (Nomen et al. 2010). Its prolonged dust emission and mass loss during different perihelion passages suggest that its activity is driven by sublimation (Moreno et al. 2011; Hsieh et al. 2012b; Bauer et al. 2012; Hsieh & Sheppard 2015). It is dynamically associated with the Alauda family (Hsieh et al. 2018b), meaning that the composition of 324P may be similar to that of the other Alauda family asteroids. The orbital elements of 324P are listed in Table 1.
In this work, we perform a photometric analysis of 324P during its 2010, 2015 and 2021 perihelion passages, and we compare our results to previous studies. In Sec. 2, we describe the image datasets used for this work. In Sec. 3, we report the methods and analyses applied to the image sets and present and discuss our results. We summarize the results in Sec. 4.
Table 1 
Parameters describing the orbit of 324P.

2 Observations
We studied archival data of 324P obtained between 2010 and 2020, and we observed it during its perihelion passage in 2021 (Fig. 1). 324P was at perihelion on 2010 June 25, 2015 November 30, and 2021 May 6 (UT).
Images captured at both optical and infrared (IR) wavelengths were identified using the Canadian Astronomy Data Centre (CADC) website1 (Gwyn et al. 2012) and from the Infrared Science Archive (IRSA) website2. All visible-light images used in our study were obtained in the R band, except for the Pan-STARRS (PS1) image dated 2010 June 26 (which is in the z band), four PS1 images from 2010 September 8 (g band), and Hubble Space Telescope (HST) images in F350LP filter, whose pivot wavelength (Marinelli & Dressel 2024) is at 587.39 nm, similar to the V band.
Images obtained with the Very Large Telescope (VLT) on 2019 April 12 have a signal-to-noise ratio of S/N < 8, and we therefore excluded them from the further analysis. We did not detect 324P in Zwicky Transient Facility (ZTF) images from 2019 April 9, 2019 April 12, 2019April 19, and 2019 April 28.
	[image: thumbnail]	Fig. 1 Orbit plot in the heliocentric ecliptic coordinate system. The origin is the center of the Sun, the plane of reference is the ecliptic plane, and the direction of the x-axis points toward the vernal equinox. The plot shows the positions of 324P at the epochs of our observations with the orbits of Mercury, Venus, Earth, Mars, 324P, and Jupiter. Crosses represent the perihelion (P) and aphelion (A) positions. Pentagons, triangles, squares and circles represent visual data, and diamonds and stars are IR data. (The plot was generated using the poliastro Python library; Juan Luis Cano Rodríguez & Jorge Martínez Garrido 2022.)



2.1 Visible-light data
Visible-light images of 324P (Fig. A.1) were obtained with the telescopes and instruments listed in Table A.1. We performed bias subtraction and flat-fielding using the following software packages: Dragons for Gemini data, Image Reduction and Analysis Facility (IRAF; Tody 1986, 1993) to process New Technology Telescope (NTT) data, and EsoRex for VLT data. The Pan-STARRS data were processed by the PS1 Image Processing Pipeline (Magnier 2006). Isaac Newton Telescope (INT) data were processed by the INT Wide Field Camera pipeline (Irwin & Lewis 2001). Canada-France-Hawaii Telescope (CFHT) data were processed by the Elixir pipeline (Magnier & Cuillandre 2004). Lowell Discovery Telescope (LDT) data were received in private communication from Matthew M. Knight in a post-processed state. For the HST data, we computed the target magnitude using the relation
[image: equation](1)
which we obtained from the Exposure Time Calculator (ETC) for the Wide Field Camera 3 (WFC3) Ultraviolet-Visible (UVIS) channel3. V is the apparent magnitude in the V band, f is the count rate of the source in e− s−1, and n is the count rate4 obtained by the ETC with the F350LP filter from a source with a Sun-like (Kurucz G2V) spectrum renormalized to Vega magnitude 20 in the Johnson/V filter.
For the CFHT and PS1 images, we used zero points computed by the Elixir and PS1 IPP pipelines, respectively. For data from all other instruments, we performed a photometric calibration relative to field stars from the PS1 catalog5. We also applied this method to the CFHT and PS1 data to check for consistency within our dataset, which we confirmed. We assumed solar colors for the conversions between the different PS1 bands r − z = 0.5 and r − g = −0.62 (Tonry et al. 2012; Willmer 2018), and for the conversion from the V to R band, V − R = 0.35 (Holmberg et al. 2006; Jewitt et al. 2016).
With IRAF, we performed photometry on single images of 324P using a circular aperture with a fixed physical radius of 2300 km at the comet. We opted for a constant physical radius (as opposed to constant angular size) to capture the same volume around the nucleus in every measurement. Subsequently, we calculated the weighted average of the apparent magnitudes measured on single exposures for each dataset, resulting in one measurement point per epoch and telescope (Table A.1). We performed circular aperture photometry on stacked HST images (Jewitt et al. 2016) with a fixed physical radius of 3000 km at the comet to ensure consistency in our comparative analysis with the Spitzer data (Section 2.2).
	[image: thumbnail]	Fig. 2 IR images of 324P (at the center of each panel). The label W3 refers to WISE band 3 (12 μm), W4 to WISE band 4 (22 μm), and IRAC1 and IRAC2 corresponds to Spitzer Space Telescope observations at 3.6 μm and 4.5 μm, respectively. The dates and directions on sky are labeled as in Fig. A.1.



2.2 Infrared data
Infrared images of 324P (Fig. 2) were taken on 2010 June 9–11 (true anomaly of ν = −3.9°, in the active phase) with the Wide-field Infrared Survey Explorer (WISE) telescope with a 0.4-meter diameter primary mirror (2.75″ per pixel in the W1 band at 3.4 μm, the W2 band at 4.6 μm, and the W3 band at 12 μm, 5.5″ per pixel in the W4 band at 22 μm). The WISE data were processed and photometrically calibrated by the WSDS PIPELINES (Cutri et al. 2012). To increase the S/N, we co-added images with the WISE Coadder software6.
We converted WISE magnitudes into fluxes using (Cutri et al. 2012)
[image: equation](2)
where Fv is the flux density in Jy, Fv0 is the zero-magnitude flux density (Wright et al. 2010; Mainzer et al. 2011; Masiero et al. 2011), and mVega is the measured WISE Vega magnitude, all at frequency ν. We measured the dust brightness inside apertures with angular radii 11″ (corresponding to 19 230 km) for the W1, W2 and W3 bands, and 22″ (38460 km) for the W4 band (Bauer et al. 2012). We chose aperture values that were sufficiently larger than the point spread function (PSF) full width at half maximum (FWHM) of each band. For bands W1 and W2, we were only able to derive upper limits. Our results for all four bands are consistent with those of Bauer et al. (2012).
Infrared images were also taken on 2016 January 8 (ν = 9.8°, also in the active phase) with the Infrared Array Camera (IRAC) on the Spitzer Space Telescope with a 0.85-meter diameter primary mirror (1.22″ pixel−1 in channels 1 (3.6 μm) and 2 (4.5 μm)). Spitzer data were processed and calibrated by the IRAC pipeline (Fazio et al. 2004; IRAC Instrument and Instrument Support Teams 2021).
To assess the detectability of coma dust in Spitzer data, we measured the FWHM of the PSF of 324P and of isolated stars. We found 1.5 pixels < FWHM < 2 pixels for both 324P and the stars, indicating that the dust of the coma (if present) is unresolved. The Spitzer images (Fig. 2) are characterized by a crowded field of stars. For this reason we refrained from stacking the images and instead performed circular aperture photometry on single images with a fixed physical radius of 3000 km at the comet. To minimize the resulting flux uncertainty, we used small aperture sizes and selected images in which 324P did not overlap neighbouring stars.
To constrain the dust geometric albedo, we also estimated the brightness of 324P at the visible wavelengths (Fig. 3) at the epochs of our two IR observations (Table A.1). As the reference that is closest in time to the 2010 June 9–11 WISE observation, we identified a z-band PS1 image obtained on 2010 June 26. The absolute magnitude derived from this PS1 measurement inside an aperture with radius 3″ (4847 km) corresponds to an apparent z-band magnitude of (20.4 ± 1.4) mag, or to a flux of [image: equation] mJy, at the time of the WISE observation.
The visible-light reference data for the Spitzer epoch that are closest in time are four HST images in F350LP filter. To account for the increasing coma brightness between the individual HST observations, we extrapolated the absolute magnitudes to 2016 January 8, the epoch of the Spitzer measurement (Fig. 4) using a linear fit to the absolute magnitudes in Table A.1, We calculated the corresponding apparent magnitude at the position of Spitzer, finding a value of (20.9 ± 1.2) mag, and converted it into a flux of [image: equation] mJy using
[image: equation](3)
where F is the flux of the source in Jy, 3.622 · 10−5 is the flux7 associated with a Vega magnitude of 20 in Johnson/V filter, and V is the measured magnitude in F350LP filter.
	[image: thumbnail]	Fig. 3 Visual-light images (PS1 in the z band and HST in the V band) of 324P (at the center of each panel). The dates and directions on sky are labeled as in Fig. A.1. These visual images were obtained closest in time to the respective IR images shown in Fig. 2.



	[image: thumbnail]	Fig. 4 Absolute V-band magnitudes of 324P plotted as a function of the true anomaly and linear fit for extrapolation. The blue dots show HST measurements, and the red dot shows the extrapolated value for 2016 January 8. The central solid line represents the fit to the data, and the dashed lines parallel to the solid line represent the uncertainty of the linear fit.



3 Analysis and results
3.1 Nucleus magnitude
To assess the absolute magnitude of the bare nucleus of 324P, we exclusively analyzed data collected in 2013, when no activity was detected. We first normalized the measured average apparent R-band magnitudes, mR, to unit heliocentric (rh) and geocentric (Δ) distances using
[image: equation](4)
where mreduced is the reduced R-band magnitude, and rh and Δ are measured in AU. The reduced magnitude is influenced by both the solar phase angle and the rotational phase of the nucleus at the time of observation. The rotation rate of the 324P nucleus is unknown, and our observations are too much scattered in time to constrain it. We fit the 2013 reduced magnitudes with an International Astronomical Union (IAU) H-G phase function, and because we lacked appropriate phase angle coverage, we assumed a default C-type value of G = 0.15 ± 0.12 (Bowell et al. 1989), which yielded HR = (18.4 ± 0.5) mag and is consistent with the HR = (18.4 ± 0.2) mag found by Hsieh (2014). Our assumed uncertainty of G is the standard deviation of many G values found by Lagerkvist & Magnusson (1990) (cf. Polishook & Brosch 2009). We plot our best-fit phase function in Fig. 5.
We calculated the effective nucleus radius using (e.g. Hsieh et al. 2023)
[image: equation](5)
where pR = 0.05 ± 0.02 is the assumed geometric R-band albedo (Hsieh et al. 2009; Hsieh et al. 2023), m⊙,R = −27.15 is the apparent R-band magnitude of the Sun, and HR,inactive is the absolute R-band magnitude of the inactive nucleus of (18.4 ± 0.5) mag. We found rN = (0.52 ± 0.16) km. This value agrees with the effective nucleus radius of [image: equation] km found in Hsieh et al. (2023), who assumed the same V-band albedo of pv = 0.05 ± 0.02.
	[image: thumbnail]	Fig. 5 Best-fit IAU phase function (solid red line) for 324P. The dashed red lines represent the uncertainty of the fit. The blue points show 2013 data, when the nucleus was inactive. These were used for the fit.



3.2 Visible-light photometry of 324P in active state
The average absolute R-band magnitudes, HR, were calculated using (e.g. Hsieh et al. 2010)
[image: equation](6)
where α is the solar phase angle and the term (1 − G)Φ1(α) + GΦ2(α) is called the scattering phase function (Bowell et al. 1989). We also used G = 0.15 ± 0.12 (Sec. 3.1) for the dust. While there are measurements of the dust phase function for comets (Divine 1981; Schleicher 2010), we are not aware of a measured phase function for asteroid dust. Since there are indications that the dust properties for comets and asteroids are different (e.g. from comparing 67P measurements and Ryugu samples), we considered the nucleus phase function to be the most natural proxy for the unknown dust phase function although we are aware that this is most likely an oversimplification.
We plot the resulting absolute R-band magnitudes as a function of the true anomaly in Figs. 6 and 7, and we list them in Tables A.1 and 2. In Fig. 7, we compare our photometric measurements with literature data. The pentagons with black edges were acquired by us with an aperture angular radius of 5″ instead of 2300 km to enable a direct comparison with Hsieh et al. (2012b) (green crosses in Fig. 7 and Table 2). The difference of about one magnitude can be attributed to improvements in all-sky photometric catalogs since the first study. Table 2 also contains measurements from a 2″ aperture for five 2015 epochs for comparison with Hsieh & Sheppard (2015), who used an aperture of the same size, but a different IAU phase function G parameter, G = 0.17 ± 0.10, as in Hsieh (2014). In this case, our results agree with theirs. Fig. 7 also includes HST data from Jewitt et al. (2016), and our results for the same datasets, converted from the V into the R band using V − R = 0.35, agree well.
Table 2 
Measurements of the MBC 324P using different apertures.

	[image: thumbnail]	Fig. 6 Measured absolute R-band magnitudes of 324P in a 2300 km radius aperture plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments, and colors mark the perihelion passages: green for 2010, blue for 2015, and red for 2021. The vertical dashed line indicates perihelion. The horizontal dashed line corresponds to the absolute magnitude of the inactive nucleus (18.4 mag).



3.3 Dependence of the aperture size on absolute dust magnitudes and Afρ
We now compare the time evolution of the magnitudes measured in differently sized apertures (Fig. 7). At ν = 45.7°, the brightness in the larger aperture (5″, black pentagons) has increased compared to earlier measurements, and the brightness in the smaller aperture (2300 km, green pentagons) has decreased. One possible cause of this discrepancy could be the changing geocentric distance, which affects the physical volume enclosed in an aperture with a fixed angular size. At Δ = 1.74 AU (ν = 18°), less volume is enclosed in the 5″ aperture than at 2.78 AU (ν = 45°), so that the absolute magnitude of dust in an aperture with a fixed angular size is expected to decrease with increasing distance to the observer. To better understand the dependence of the enclosed dust cross section on the aperture size and time, we calculated the A f ρ parameter (Table 3 and Fig. 8), which for a coma in steady state that is spherically symmetric is expected to be independent of the aperture size. A f ρ is the product of the albedo A, defined as the total light reflected by the cometary grains over the total light received, the filling factor f of the grains in the field of view, and ρ, the physical radius of the field of view (Fink & Rubin 2012). We used (A’Hearn et al. 1984)
[image: equation](7)
where rh is the heliocentric distance in AU, Δ is the geocentric distance in cm, ρ is the physical radius in cm at the distance of the MBC, m⊙,R = −27.15 is the apparent R-band magnitude of the Sun, and mR is the measured apparent R-band magnitude of the MBC.
Plotting A f ρ versus true anomaly (Fig. 8, Panel A), we find that at ν = 45.7°, A f ρ is similar from both apertures (5″, and 2300 km). This behavior is consistent with a steady-state coma, and the difference of >1 mag in Fig. 7 results from the spatially extended nature of the dust coma, where larger apertures enclose more dust.
At true anomalies 12.8° and 18.4°, A f ρ increases with decreasing aperture size, indicating that the dust density decreases more steeply with increasing nucleus distance than in steady state. During this early phase of the activity, the dust production rate might still have been increasing with time, such that freshly emitted dust located close to the nucleus would be relatively more abundant than dust emitted at an earlier stage that had traveled farther at the time of observation. Hence, A f ρ derived from the smaller aperture would be higher.
However, the A f ρ parameter has some limitations: It assumes that there is no dust production or destruction (e.g., by fragmentation or sublimation of embedded ice) after the dust particles leave the nucleus, it assumes that the dust has a constant outflow velocity, and it fails at the turnaround distance (Fink & Rubin 2012). In panel B of Fig. 8, we plot A f ρ versus the aperture radius ρ at four epochs. The plot again shows a decrease in A f ρ with aperture size when 324P was freshly active in August and September 2010, a more shallow profile at the end of December 2010, and a flat, almost zero profile in August.
The flattening of the A f ρ profile at sufficiently large aperture radii during the first two epochs may suggest that during an even earlier epoch, the coma was closer to a steady-state regime than at the times of observation. This is consistent with Fig. 6, which shows a flat profile of absolute coma magnitudes up to a true anomaly of about 20° and then a steep increase.
In panel B of Fig. 8, at large ρ, the A f ρ parameter exhibits strong fluctuations that are likely due to an increasingly variable background flux as the aperture size increases. However, these fluctuations occur only beyond aperture radii of 5″ and are therefore not expected to significantly affect our interpretation of panel A of Fig. 8.
	[image: thumbnail]	Fig. 7 Same as Fig. 6, but augmented by values from the literature (2010–2013: Hsieh et al. 2012b; Hsieh 2014, 2015: Hsieh & Sheppard 2015;Jewitt et al. 2016). Symbols now distinguish between our analysis of archival data and data from the literature (see legend). Pentagons with black edges were measured by us using a 5″ aperture for comparison with Hsieh et al. (2012b) (green crosses).



	[image: thumbnail]	Fig. 8 A f ρ parameter. Panel A: A f ρ vs. true anomaly for 324P, evaluated using circular apertures with a physical radius of 2300 km (symbols without borders) and circular apertures with angular radius 5″ (symbols with black borders). Panel B: A f ρ vs. aperture radius ρ. The data enclosed by red circles correspond to the border-less symbols of panel A (ρ= 2300 km), and data enclosed by green squares correspond to the black-bordered data points of panel A (angular radius of 5″).



Table 3 
A f ρ parameter.

3.4 Dust-mass estimates and onset of activity
We estimated the dust mass inside the aperture using (e.g. Hsieh & Sheppard 2015)
[image: equation](8)
where rN = 0.52 km is the estimated effective nucleus radius for 324P (Sec. 3.1), a = 1 mm is the assumed effective mean dust grain radius, ρd ~ 2500 kg m−3 is the assumed dust grain density (C-type objects), and HR,inactive = (18.4 ± 0.5) mag is the absolute magnitude of the inactive nucleus of 324P in the R band (Sect. 3.1). We plot our estimated dust masses as a function of the true anomaly in Fig. 9. The graphic shows that the MBC starts to be active near perihelion, and this suggests that the activity is due to sublimation. In Table A.1, we list the results of the photometric analysis. Three dust-mass values are negative but still consistent with zero, given the uncertainties.
Using a linear fit to the absolute magnitude as a function of time, Hsieh & Sheppard (2015) found the average net dust production rate [image: equation] in 2015 for 324P to be ≲0.1 kg s−1 (−60.4° < ν < −41.4°), which is lower by almost 2 orders of magnitude than the net dust production rate value of ~30 kg s−1 (12.9° < ν< 45.9°) measured in 2010 by Hsieh (2014). These dust production rates from the literature were measured at different points in the orbit and were measured with rectangular apertures, aiming to capture the total visible flux (including coma and tail).
In our study, however, this linear fitting approach was not applicable because we observed nearly constant values in our dust measurements (Fig. 10). When we assume that dust particles are ejected from 324P with a speed comparable to the nucleus gravitational escape speed of υescape = 0.61 m s−1 (derived with the estimated nucleus size and assumed bulk density), they leave the 2300 km aperture after 43 days.
The data points displayed in Fig. 10 were collected over a period of several hundred days, suggesting that the earliest ejected dust had already left the measurement aperture at most epochs. Consequently, the nearly constant dust mass suggests that the rate of dust production from 324P may be roughly equal to the rate of dust loss from the aperture.
For the 2015 perihelion, we infer that the onset of activity took place earlier than 173 days before perihelion, when the image in Fig. A.1 shows a visible tail on 2015 June 10 (marked in Fig. 10). From the same criterion, we cannot infer anything about the onset time for the 2021 perihelion passage because no tail is visible in Fig. A.1 in the 2020 data.
In Fig. 7, near ν = 120°, the absolute magnitude stabilizes around 18.4 mag in the R band, consistent with our derived magnitude of the inactive nucleus (Sec. 3.1). This indicates that the dust production has ceased and that dust has left the immediate environment of the nucleus due to solar radiation pressure (in 2011).
Fig. 7 shows a steep increase in brightness at about and immediately after perihelion. To find the onset time of this steepening, we fit post-perihelion dust masses with a linear function. We determined the onset times of the profile steepening to be (33–81) days before perihelion in 2010 with a mass-loss rate of (5.5 ± 1.4) kg s−1 (0.0° < ν < 18.4°), 6 days before perihelion in 2015 with a mass-loss rate of (10 ± 4) kg s−1 (1.8° < ν < 4.5°), and between 23 days before perihelion and 8 days after perihelion in 2021 with a mass-loss rate of (0.9 ± 0.3) kg s−1 (1.0° < ν < 23.4°) (Fig. 11). This steep rise in activity is likely reflected in the A f ρ-profiles as discussed in Section 3.3. It may be caused by the thermal wave reaching a subsurface layer with elevated ice content, or by seasonal exposure of an ice reservoir that is not reached by sunlight before perihelion.
Hui & Jewitt (2017) studied data from 2010 to 2015 that indicated that 324P exhibited nongravitational accelerations caused by recoil forces due to anisotropic mass loss, with dynamically inferred mass-loss rates of (36 ± 3) kg s−1. This value agrees with the findings of Hsieh (2014) in 2010. However, our analysis of the 2010 data reveals mass-loss rates that differ by nearly an order of magnitude, which we discussed in Sec. 3.2 as possibly resulting from advances in all-sky photometric catalogs. Additionally, our estimated mass-loss rate agrees with that reported by Moreno et al. (2011), who found a value of 3–4 kg s−1 between 2010 October and 2011 January (26.5° < ν < 47.8°).
Figs. 7 and 9 visually confirm that the activity during the 2015 perihelion passage significantly decreased compared to the previous perihelion passage in 2010. The activity in 2021 also decreased compared to 2015.
A possible interpretation of the decrease in activity from one perihelion passage to the next may be given by the buildup of a dry mantle. Globally, ice-rich main-belt asteroids are thought to have a rubble mantle-type crust. Following the trigger event, the freshly exposed ice in an MBC sublimates and causes the observable activity. Dust particles that are too large to be ejected by the gas drag against gravity would accumulate on the surface. Gradually, this layer of dust and pebbles again becomes thick enough to act as a protective layer and buries the ice in the depths (Thiel et al. 1989; Jewitt 1992, 1996). In this scenario, the activity in MBCs should initially decrease rapidly after the trigger event. Subsequently, as a rubble mantle of sufficient thickness forms, the activity should decrease more slowly (Jewitt 1996; Hsieh et al. 2015, 2018a). This might be a possible explanation for the rapid decrease in the activity of 324P in 2015 compared to that in 2010 and the following slow decrease of its activity in 2021. Data from upcoming perihelia are required to corroborate this hypothesis, however.
	[image: thumbnail]	Fig. 9 Estimated dust masses for 324P plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments used, and the different colors correspond to the three different perihelion passages: green for 2010, blue for 2015, and red for 2021. The horizontal dashed line corresponds to a zero dust mass (the MBC was not active).



	[image: thumbnail]	Fig. 10 Estimated dust masses around 324P plotted vs. time from perihelion. Pre-perihelion data in 2015 (blue) and pre- and post-perihelion data in 2021 (red). The epoch when the tail starts to become visible is marked in the plot.



	[image: thumbnail]	Fig. 11 Estimated dust masses around 324P plotted vs. time from perihelion. The dashed lines show linear fits to post-perihelion data from 2010 (green), 2015 (blue) and 2021 (red), which were used to calculate the time at which the activity increased.



3.5 Analysis of infrared data
Thermal and scattered components
Infrared images provide information about the thermal emission from the grains (Sarmecanic et al. 1997), while visual images provide information about the reflectivity of the grains (Kolokolova et al. 2004). By combining these pieces of information, we calculated the geometric albedo of the cometary grains, which is defined as the ratio of the amount of light that is scattered by the grains to the amount of light that would be scattered to zero phase angle by a perfectly reflective, isotropic surface, known as a Lambertian surface (Hanner et al. 1981).
The thermal component is described by (Jewitt & Meech 1988)
[image: equation](9)
where FIR is the thermal flux density from the aperture in W m−2 Hz−1, ϵ is the emissivity, assumed here to equal unity, S is the cross section of the cometary grains inside the aperture in m2, Bv(T) is the Planck function evaluated at the temperature T in W m−2 Hz−1 sr−1, and Δ is the geocentric distance in meters.
The scattered component is given by (Russell 1916)
[image: equation](10)
where F⊙ is the solar spectrum at 1 AU and at the wavelength used for the measurement of the flux from the MBC, Fvis, and both are in the same units. The quantity p is the geometric albedo of the dust particles, j(α) is the scattering phase function, and rh and Δ are the heliocentric and geocentric distances in meters, respectively.
The spectral energy distribution (SED; Williams et al. 1997; Kolokolova et al. 2004; Yang et al. 2009) is composed of the superposition of scattered sunlight and thermal emission by the dust (Fig. 12). From the shape of the thermal SED, we first derived the dust temperature, then the product of dust cross section and emissivity, and the scattered component finally gives the product of geometric albedo and phase function divided by the emissivity at the time of observation of the cometary grains.
We derived the dust color temperature from equating the flux ratio in the WISE W4/W3 bands to the ratio of the Planck function at these wavelengths, Bv(22 μm, T) / Bv(12 μm, T), with the temperature Tcol as a free parameter, and obtained [image: equation]. This temperature range includes the equilibrium temperature of a fast-rotating sphere with an isothermal surface, Teq=172 K, at the heliocentric distance during the WISE observation rh = 2.623 AU, with
[image: equation](11)
where AB is the Bond albedo, assumed to be 0, ϵ is the emissivity, assumed to be 1, and rh is the heliocentric distance in AU. We conclude that there is no strong indication that dust superheats at mid-infrared (mid-IR) wavelengths, which is consistent with compact or large particles, or both (Gehrz & Ney 1992), but that color temperatures up to 8% above Teq are consistent with the WISE measurement.
To fit the combined SED of scattered light and thermal emission to the PS1 and WISE data, we scaled the Planck function, Bv, with a freely variable factor fIR and the solar spectrum8 with an also freely variable factor fvis, such that their sum matches the measured fluxes.
From Eq. (9), the scaling factor (in units of sr) fIR is equal to
[image: equation](12)
The S implicitly depends on the color temperature for a given measured flux FIR because of the temperature dependence of Bv(T) in Eq. (9). From Eq. (10), the dimensionless scaling factor for the scattering component is equal to
[image: equation](13)
such that
[image: equation](14)
assuming that the amount of dust seen in paired images is the same, despite different PSF and/or aperture sizes and observation dates. The maximum scaling factor, [image: equation], is obtained for the minimum possible color temperature, and vice versa. The minimum and maximum values for fvis result from fitting the solar spectrum to the lower and upper bound of the PS1 measurement error bar. Inserting these into Eq. (14), we find [image: equation]. This corresponds to 3% < p < 45% for a C-type (G = 0.15 ± 0.12) phase function, and 2% < p < 40% for an S-type (G = 0.25 ± 0.12). Since this range includes all typical values measured for both C- and S-types, we cannot meaningfully constrain the geometric albedo or the spectral type of the dust. These large errors in the albedo calculation are due to the wide range of temperatures consistent with the mid-IR data and to large uncertainties in the photometry at optical wavelengths.
Fig. 12 shows the minimum and maximum geometric albedo SEDs derived from the WISE/PS1 dataset together with these data, and in addition, the Spitzer and the extrapolated HST data (flux values in Tables 4 and 5). The latter were obtained during a different perihelion passage, when the overall dust brightness was lower than in 2010 (see Fig. 7), and from a different observer distance, but at very similar heliocentric distance, phase angle, and true anomaly. We show all six data points in a single graph because (1) the similar visible-light fluxes from PS1 and HST indicate that the overall amount of dust, scaled with Δ2, during both measurements was similar, (2) the similar heliocentric distances indicate that the color temperature range during both measurements was likely similar, and (3) the comparison with the WISE SEDs can give us some directions for the interpretation of the Spitzer data.
The plot shows that the longer of the two IRAC wavelengths lies in the overlapping zone where both scattered light and thermal emission can contribute significantly to the overall flux, while the flux measured at the shorter wavelength is most certainly dominated by scattered light, such that an independent measurement of the color temperature from the IRAC data is not possible. The dust brightness in the 4.5 μm IRAC measurement is also inconsistent with our simple model of representing the thermal emission by a single blackbody function. A possible cause for the elevated flux at 4.5 μm could be superheating because small or porous dust particles may not be able to thermally radiate efficiently at shorter wavelengths. Excess brightness in the IRAC 4.5 μm band has also been interpreted as an indicator for the presence of CO or CO2 vapor (Ootsubo et al. 2011), which we cannot exclude. However, our measured ratio of F(4.5 μm/3.6 μm) = 1.8 at rh = 2.625 AU is near the lower limit measured in 23 comets by Reach et al. (2013), where a low value of this ratio correlates with the absence of PSF broadening attributable to a spatially extended gas coma. We found no indications of an extended coma either, which again does not support the interpretation of our 4.5 μm excess flux as due to CO or CO2 emission. Depletion of CO2 relative to water was also observed in the MBC 238P by JWST (Kelley et al. 2023).
	[image: thumbnail]	Fig. 12 SEDs corresponding to the maximum (red) and minimum (yellow) derived geometric albedo values from the WISE/PS1 combination. The Spitzer/HST data are also plotted (blue). Even though taken during different perihelion passages and from different observer distances, we plot the measurements and resulting fits in a single graph. The dashed lines indicate the pure blackbody and solar spectra composing the overall SED.



Table 4 
Telescope and band of observation for the Spitzer/HST combination.

Table 5 
Telescope and band of observation for the WISE/PS1 combination.

4 Summary
We analyzed archival data of the MBC 324P in the period 2010–2021. We list our main results below:

	Using only photometry measured when the MBC was observed to be inactive, we find the best-fit IAU phase function parameter HR = (18.4 ± 0.5) mag using G = 0.15 ± 0.12;


	We calculated the effective nucleus radius, finding a value of rN = (0.52 ± 0.16) km (assuming geometric albedo pR = 0.05 ± 0.02);


	We observed a decrease in its activity during the 2015 and 2021 perihelion passages compared to the previous passage in 2010. This decrease in the activity strength might be due to mantling and/or volatile depletion;


	The study of the A f ρ profile and the absolute magnitudes of the dust coma across different true anomalies uncovered evidence that the coma of 324P transitioned near perihelion from a pre-perihelion steady state to a higher-activity post-perihelion steady state. This might indicate that a thermal wave arrived at more ice-rich layers, or it might indicate seasonal effects;


	The study of the IR data yielded a dust geometric albedo in the range of (2–45)%, with unclear spectral type, but it suggested excess radiation at 4.5 μm in comparison to a single-temperature blackbody spectrum.



Further observations are necessary to monitor the future activity to constrain the possible causes for the decrease in the activity of 324P over time. On 2026 October 14, 324P will be at perihelion, and this may provide opportunities to gather further observations, data, and results. Furthermore, a data analysis of 324P during its inactive phases might enhance the accuracy of the IAU phase-function fitting. This might lead to an improved precision in determining absolute magnitudes and dust masses.
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Appendix A  Figure and table
In this appendix, Fig A.1 and Table A.1 are provided.
	[image: thumbnail]	Fig. A.1 Mosaic of the visible-light images of 324P (at the center of each panel). All images are in the R band, except for two PS1 images on 2010 June 26 in the z band, and on 2010 September 8 in the g band. All panels show the north (N), the east (E), the antisolar direction (−⊙) and the negative heliocentric velocity vector (−υ), as projected on the sky. Panels are labeled with dates of observation in UT YYYY-MM-DD format, and employed telescope. The label PS1 refers to the Panoramic Survey Telescope and Rapid Response System PanSTARRS (PS1) telescope, equipped with the GPC1 instrument; INT to the Isaac Newton Telescope, equipped with the WFC instrument; GN to the Gemini Multi-Object Spectrograph North, equipped with the Gemini Multi-Object Spectrograph North (GMOS-N) instrument; NTT to the New Technology Telescope, equipped with the ESO Faint Object Spectrograph and Camera (EFOSC) instrument; VLT to the Very Large Telescope, equipped with the FOcal Reducer and low dispersion Spectrograph 2 (FORS2) instrument; CFHT to the Canada-France-Hawaii Telescope, equipped with the MegaPrime instrument; LDT to the Lowell Discovery Telescope, equipped with the Large Monolithic Images (LMI) instrument; and GS to the Gemini Multi-Object Spectrograph South, equipped with the Gemini Multi-Object Spectrograph South (GMOS-S) instrument.



Table A.1 
Observations of the MBC 324P.
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	[image: thumbnail]	Fig. 1 Orbit plot in the heliocentric ecliptic coordinate system. The origin is the center of the Sun, the plane of reference is the ecliptic plane, and the direction of the x-axis points toward the vernal equinox. The plot shows the positions of 324P at the epochs of our observations with the orbits of Mercury, Venus, Earth, Mars, 324P, and Jupiter. Crosses represent the perihelion (P) and aphelion (A) positions. Pentagons, triangles, squares and circles represent visual data, and diamonds and stars are IR data. (The plot was generated using the poliastro Python library; Juan Luis Cano Rodríguez & Jorge Martínez Garrido 2022.)
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	[image: thumbnail]	Fig. 2 IR images of 324P (at the center of each panel). The label W3 refers to WISE band 3 (12 μm), W4 to WISE band 4 (22 μm), and IRAC1 and IRAC2 corresponds to Spitzer Space Telescope observations at 3.6 μm and 4.5 μm, respectively. The dates and directions on sky are labeled as in Fig. A.1.
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	[image: thumbnail]	Fig. 3 Visual-light images (PS1 in the z band and HST in the V band) of 324P (at the center of each panel). The dates and directions on sky are labeled as in Fig. A.1. These visual images were obtained closest in time to the respective IR images shown in Fig. 2.
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	[image: thumbnail]	Fig. 4 Absolute V-band magnitudes of 324P plotted as a function of the true anomaly and linear fit for extrapolation. The blue dots show HST measurements, and the red dot shows the extrapolated value for 2016 January 8. The central solid line represents the fit to the data, and the dashed lines parallel to the solid line represent the uncertainty of the linear fit.
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	[image: thumbnail]	Fig. 5 Best-fit IAU phase function (solid red line) for 324P. The dashed red lines represent the uncertainty of the fit. The blue points show 2013 data, when the nucleus was inactive. These were used for the fit.
In the text



	[image: thumbnail]	Fig. 6 Measured absolute R-band magnitudes of 324P in a 2300 km radius aperture plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments, and colors mark the perihelion passages: green for 2010, blue for 2015, and red for 2021. The vertical dashed line indicates perihelion. The horizontal dashed line corresponds to the absolute magnitude of the inactive nucleus (18.4 mag).
In the text



	[image: thumbnail]	Fig. 7 Same as Fig. 6, but augmented by values from the literature (2010–2013: Hsieh et al. 2012b; Hsieh 2014, 2015: Hsieh & Sheppard 2015;Jewitt et al. 2016). Symbols now distinguish between our analysis of archival data and data from the literature (see legend). Pentagons with black edges were measured by us using a 5″ aperture for comparison with Hsieh et al. (2012b) (green crosses).
In the text



	[image: thumbnail]	Fig. 8 A f ρ parameter. Panel A: A f ρ vs. true anomaly for 324P, evaluated using circular apertures with a physical radius of 2300 km (symbols without borders) and circular apertures with angular radius 5″ (symbols with black borders). Panel B: A f ρ vs. aperture radius ρ. The data enclosed by red circles correspond to the border-less symbols of panel A (ρ= 2300 km), and data enclosed by green squares correspond to the black-bordered data points of panel A (angular radius of 5″).
In the text



	[image: thumbnail]	Fig. 9 Estimated dust masses for 324P plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments used, and the different colors correspond to the three different perihelion passages: green for 2010, blue for 2015, and red for 2021. The horizontal dashed line corresponds to a zero dust mass (the MBC was not active).
In the text



	[image: thumbnail]	Fig. 10 Estimated dust masses around 324P plotted vs. time from perihelion. Pre-perihelion data in 2015 (blue) and pre- and post-perihelion data in 2021 (red). The epoch when the tail starts to become visible is marked in the plot.
In the text



	[image: thumbnail]	Fig. 11 Estimated dust masses around 324P plotted vs. time from perihelion. The dashed lines show linear fits to post-perihelion data from 2010 (green), 2015 (blue) and 2021 (red), which were used to calculate the time at which the activity increased.
In the text



	[image: thumbnail]	Fig. 12 SEDs corresponding to the maximum (red) and minimum (yellow) derived geometric albedo values from the WISE/PS1 combination. The Spitzer/HST data are also plotted (blue). Even though taken during different perihelion passages and from different observer distances, we plot the measurements and resulting fits in a single graph. The dashed lines indicate the pure blackbody and solar spectra composing the overall SED.
In the text



	[image: thumbnail]	Fig. A.1 Mosaic of the visible-light images of 324P (at the center of each panel). All images are in the R band, except for two PS1 images on 2010 June 26 in the z band, and on 2010 September 8 in the g band. All panels show the north (N), the east (E), the antisolar direction (−⊙) and the negative heliocentric velocity vector (−υ), as projected on the sky. Panels are labeled with dates of observation in UT YYYY-MM-DD format, and employed telescope. The label PS1 refers to the Panoramic Survey Telescope and Rapid Response System PanSTARRS (PS1) telescope, equipped with the GPC1 instrument; INT to the Isaac Newton Telescope, equipped with the WFC instrument; GN to the Gemini Multi-Object Spectrograph North, equipped with the Gemini Multi-Object Spectrograph North (GMOS-N) instrument; NTT to the New Technology Telescope, equipped with the ESO Faint Object Spectrograph and Camera (EFOSC) instrument; VLT to the Very Large Telescope, equipped with the FOcal Reducer and low dispersion Spectrograph 2 (FORS2) instrument; CFHT to the Canada-France-Hawaii Telescope, equipped with the MegaPrime instrument; LDT to the Lowell Discovery Telescope, equipped with the Large Monolithic Images (LMI) instrument; and GS to the Gemini Multi-Object Spectrograph South, equipped with the Gemini Multi-Object Spectrograph South (GMOS-S) instrument.
In the text





    
      Table 1 

      Parameters describing the orbit of 324P.

      
        


	Parameter
	Value
	Unit





	Eccentricity (e)
	0.154
	



	Semimajor axis (a)
	3.095
	AU



	Perihelion distance (q)
	2.619
	AU



	Aphelion distance (Q)
	3.570
	AU



	Inclination (i)
	21.402
	deg



	Orbital period (P)
	5.448
	yr



	Tisserand parameter (TJ)
	3.100
	





      

      
Notes. All quantities except the Tisserand parameter were obtained from the JPL HORIZONS System for the epoch JD 2460053.5 (2023-04-19) Barycentric Dynamical Time (TDB).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Orbit plot in the heliocentric ecliptic coordinate system. The origin is the center of the Sun, the plane of reference is the ecliptic plane, and the direction of the x-axis points toward the vernal equinox. The plot shows the positions of 324P at the epochs of our observations with the orbits of Mercury, Venus, Earth, Mars, 324P, and Jupiter. Crosses represent the perihelion (P) and aphelion (A) positions. Pentagons, triangles, squares and circles represent visual data, and diamonds and stars are IR data. (The plot was generated using the poliastro Python library; Juan Luis Cano Rodríguez & Jorge Martínez Garrido 2022.)

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        IR images of 324P (at the center of each panel). The label W3 refers to WISE band 3 (12 μm), W4 to WISE band 4 (22 μm), and IRAC1 and IRAC2 corresponds to Spitzer Space Telescope observations at 3.6 μm and 4.5 μm, respectively. The dates and directions on sky are labeled as in Fig. A.1.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Visual-light images (PS1 in the z band and HST in the V band) of 324P (at the center of each panel). The dates and directions on sky are labeled as in Fig. A.1. These visual images were obtained closest in time to the respective IR images shown in Fig. 2.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Absolute V-band magnitudes of 324P plotted as a function of the true anomaly and linear fit for extrapolation. The blue dots show HST measurements, and the red dot shows the extrapolated value for 2016 January 8. The central solid line represents the fit to the data, and the dashed lines parallel to the solid line represent the uncertainty of the linear fit.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Best-fit IAU phase function (solid red line) for 324P. The dashed red lines represent the uncertainty of the fit. The blue points show 2013 data, when the nucleus was inactive. These were used for the fit.

      

    

  
    
      Table 2 

      Measurements of the MBC 324P using different apertures.

      
        


	UT date
	Telescope(a)
	N(b)
	rh(c)
	Δ(d)
	α(e)
	v(f)
	mR(g)
	HR(h)
	Md (×106)(i)





	2010 Aug. 16
	PS1
	4
	2.631
	1.795
	15.1
	12.8
	18.7 ± 0.1
	14.5 ± 0.2
	100 ± 44



	2010 Sep. 08
	PS1
	3
	2.641
	1.739
	12.0
	18.4
	18.40 ± 0.05
	14.4 ± 0.1
	112 ± 46



	2010 Dec. 31
	INT
	11
	2.732
	2.782
	20.5
	45.7
	19.2± 0.1
	13.8 ± 0.2
	193 ± 85



	2011 Aug. 31
	GN
	6
	3.072
	3.238
	18.2
	95.9
	24.3 ± 0.2
	18.4 ± 0.2
	0.0 ± 1.4



	2015 Apr. 26
	CFHT
	2
	2.764
	2.442
	21.1
	307.5
	22.6± 0.2
	17.4 ± 0.2
	4.3 ± 2.5



	2015 May 16
	CFHT
	4
	2.740
	2.165
	19.6
	312.0
	22.5 ± 0.1
	17.6 ± 0.2
	3.1 ± 2.1



	2015 May 17
	CFHT
	2
	2.739
	2.152
	19.5
	312.3
	22.4± 0.1
	17.6 ± 0.2
	3.1 ± 2.1



	2015 May 21
	CFHT
	3
	2.735
	2.101
	18.0
	313.2
	22.3 ± 0.1
	17.5 ± 0.2
	3.6 ± 2.3



	2015 May 23
	CFHT
	3
	2.732
	2.076
	18.6
	313.6
	22.2± 0.1
	17.5 ± 0.2
	3.6 ± 2.3





      

      
Notes. (a)Telescope. (b)Number of exposures taken.(c)Heliocentric distance in AU. (d)Geocentric distance in AU. (e)Solar phase angle (Sun-Target-Observer) in degrees. (f)True anomaly in degrees. (g)Apparent R-band magnitude measured with a 5″ aperture (2010 and 2011 data) and a 2″ aperture (2015 data). (h)Absolute R-band magnitude assuming IAU H-G phase function where G = 0.15 ± 0.12. (i)Estimated dust mass in kg assuming ρd ~ 2500 kg m−3. For comparison with published values (see text), the measurements listed here were obtained with a 5″ aperture for data in 2010 and 2011 and with a 2″ aperture for data in 2015. Data presented in this table represent the results of our own measurements. 2010 and 2011 datasets were previously published in Hsieh et al. (2012b), and 2015 datasets in Hsieh & Sheppard (2015).




    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Measured absolute R-band magnitudes of 324P in a 2300 km radius aperture plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments, and colors mark the perihelion passages: green for 2010, blue for 2015, and red for 2021. The vertical dashed line indicates perihelion. The horizontal dashed line corresponds to the absolute magnitude of the inactive nucleus (18.4 mag).

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Same as Fig. 6, but augmented by values from the literature (2010–2013: Hsieh et al. 2012b; Hsieh 2014, 2015: Hsieh & Sheppard 2015;Jewitt et al. 2016). Symbols now distinguish between our analysis of archival data and data from the literature (see legend). Pentagons with black edges were measured by us using a 5″ aperture for comparison with Hsieh et al. (2012b) (green crosses).

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        A f ρ parameter. Panel A: A f ρ vs. true anomaly for 324P, evaluated using circular apertures with a physical radius of 2300 km (symbols without borders) and circular apertures with angular radius 5″ (symbols with black borders). Panel B: A f ρ vs. aperture radius ρ. The data enclosed by red circles correspond to the border-less symbols of panel A (ρ= 2300 km), and data enclosed by green squares correspond to the black-bordered data points of panel A (angular radius of 5″).

      

    

  
    
      Table 3 

      A f ρ parameter.

      
        


	UT date
	Telescope(a)
	A f ρ (for 2300 km)(b)
	A f ρ (for 5″)(c)





	2010 Aug. 16
	PS1
	25.3 ± 0.5
	14.0 ± 1.3



	2010 Sep. 08
	PS1
	31.2 ± 2.9
	18.0 ± 0.8



	2010 Dec. 31
	INT
	14.8 ± 1.4
	14.8 ± 1.4



	2011 Aug. 31
	GN
	0.9 ± 0.1
	0.20 ± 0.04





      

      
Notes. (a)Telescope. (b)A f ρ in cm measured for a 2300 km physical radius. (c)A f ρ in cm measured for a 5″ angular size. A f ρ parameter for the epochs described by the first four lines of Table 2 from two different aperture sizes.




    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Estimated dust masses for 324P plotted as a function of the true anomaly. The different symbols correspond to the different telescopes and instruments used, and the different colors correspond to the three different perihelion passages: green for 2010, blue for 2015, and red for 2021. The horizontal dashed line corresponds to a zero dust mass (the MBC was not active).

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Estimated dust masses around 324P plotted vs. time from perihelion. Pre-perihelion data in 2015 (blue) and pre- and post-perihelion data in 2021 (red). The epoch when the tail starts to become visible is marked in the plot.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Estimated dust masses around 324P plotted vs. time from perihelion. The dashed lines show linear fits to post-perihelion data from 2010 (green), 2015 (blue) and 2021 (red), which were used to calculate the time at which the activity increased.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        SEDs corresponding to the maximum (red) and minimum (yellow) derived geometric albedo values from the WISE/PS1 combination. The Spitzer/HST data are also plotted (blue). Even though taken during different perihelion passages and from different observer distances, we plot the measurements and resulting fits in a single graph. The dashed lines indicate the pure blackbody and solar spectra composing the overall SED.

      

    

  
    
      Table 4 

      Telescope and band of observation for the Spitzer/HST combination.

      
        


	Telescope:
	HST
	Spitzer
	Spitzer





	Wavelength:
	0.58 μm
	3.6 μm
	4.5 μm



	Flux (mJy):
	[image: equation]
	0.0047 ± 0.0003
	0.0084 ± 0.0004





      

      
Notes. Combination for 2016 January 8 using 3000 km apertures throughout.




    

  
    
      Table 5 

      Telescope and band of observation for the WISE/PS1 combination.

      
        


	Telescope:
	PS1
	WISE
	WISE
	WISE
	WISE





	Wavelength:
	0.87 μm
	3.4 μm
	4.6 μm
	12 μm
	22 μm



	Flux (mJy):
	[image: equation]
	<0.02
	<0.05
	1.0 ± 0.1
	[image: equation]





      

      
Notes. Combination for 2010 June 10 using apertures of 19230 km (W3), 38460 km (W4) and 4847 km for PS1.




    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Mosaic of the visible-light images of 324P (at the center of each panel). All images are in the R band, except for two PS1 images on 2010 June 26 in the z band, and on 2010 September 8 in the g band. All panels show the north (N), the east (E), the antisolar direction (−⊙) and the negative heliocentric velocity vector (−υ), as projected on the sky. Panels are labeled with dates of observation in UT YYYY-MM-DD format, and employed telescope. The label PS1 refers to the Panoramic Survey Telescope and Rapid Response System PanSTARRS (PS1) telescope, equipped with the GPC1 instrument; INT to the Isaac Newton Telescope, equipped with the WFC instrument; GN to the Gemini Multi-Object Spectrograph North, equipped with the Gemini Multi-Object Spectrograph North (GMOS-N) instrument; NTT to the New Technology Telescope, equipped with the ESO Faint Object Spectrograph and Camera (EFOSC) instrument; VLT to the Very Large Telescope, equipped with the FOcal Reducer and low dispersion Spectrograph 2 (FORS2) instrument; CFHT to the Canada-France-Hawaii Telescope, equipped with the MegaPrime instrument; LDT to the Lowell Discovery Telescope, equipped with the Large Monolithic Images (LMI) instrument; and GS to the Gemini Multi-Object Spectrograph South, equipped with the Gemini Multi-Object Spectrograph South (GMOS-S) instrument.

      

    

  
    
      Table A.1 

      Observations of the MBC 324P.

      
        


	UT Date
	Telescope/Instrumenta
	Pixel scaleb
	Nc
	rhd
	Δe
	αf
	υg
	mRh
	HRi
	Md (x 106)l





	2010 Jun 25
	Perihelion
	−
	−
	2.623
	2.239
	22.4
	0.0
	−
	−
	−



	2010 Jun 26
	PS1/GPC1
	0.25
	1
	2.623
	2.228
	22.3
	0.0
	20.7 ± 0.5
	15.8 ± 0.5
	28 ± 18



	2010 Aug 16*
	PS1/GPC1
	0.25
	4
	2.631
	1.795
	15.1
	12.8
	19.19 ± 0.02
	15.0 ± 0.1
	63 ± 26



	2010 Sep 08*
	PS1/GPC1
	0.25
	1
	2.641
	1.739
	12.0
	18.4
	19.14 ± 0.05
	15.1 ± 0.1
	56 ± 23



	2010 Sep 08
	PS1/GPC1
	0.25
	4
	2.641
	1.739
	12.0
	18.4
	18.9 ± 0.1
	14.9 ± 0.2
	70 ± 31



	2010 Dec 31*
	INT/WFC
	0.33
	11
	2.732
	2.782
	20.5
	45.7
	20.8 ± 0.1
	15.4 ± 0.2
	42 ± 19



	2011 Aug 31*
	GN/GMOS-N
	0.14
	6
	3.072
	3.238
	18.2
	95.9
	24.4 ± 0.1
	18.5 ± 0.2
	−0.2 ± 1.4



	2011 Sep 25**
	GN/GMOS-N
	0.14
	9
	3.110
	2.929
	18.8
	100.4
	23.8 ± 0.1
	18.0 ± 0.2
	1.2 ± 1.6



	2011 Dec 22
	NTT/EFOSC
	0.24
	8
	3.236
	2.257
	1.9
	115.5
	23.0 ± 0.2
	18.4 ± 0.2
	0.0 ± 1.4



	2011 Dec 23
	NTT/EFOSC
	0.24
	10
	3.238
	2.260
	2.2
	115.7
	22.9 ± 0.2
	18.3 ± 0.2
	0.3 ± 1.4



	2011 Dec 31**
	GN/GMOS-N
	0.14
	9
	3.249
	2.295
	5.0
	117.0
	23.0 ± 0.1
	18.2 ± 0.1
	0.6 ± 1.4



	2013 Feb 11
	NTT/EFOSC
	0.24
	27
	3.568
	2.643
	6.4
	176.0
	24.0 ± 0.2
	18.6 ± 0.2
	−0.5 ± 1.4



	2013 Feb 12
	NTT/EFOSC
	0.24
	10
	3.568
	2.643
	6.4
	176.2
	23.7 ± 0.2
	18.3 ± 0.2
	0.3 ± 1.4



	2013 Feb 13
	NTT/EFOSC
	0.24
	9
	3.568
	2.643
	6.4
	176.3
	23.9 ± 0.1
	18.5 ± 0.1
	−0.2 ± 1.3



	2013 Mar 12
	Aphelion
	−
	−
	3.569
	2.750
	10.3
	180.0
	−
	−
	−



	2013 Apr 08**
	GN/GMOS-N
	0.14
	8
	3.568
	3.017
	14.6
	183.6
	24.2 ± 0.2
	18.2 ± 0.2
	0.6 ± 1.5



	2015 Apr 18
	VLT/FORS2
	0.25
	15
	2.773
	2.559
	21.2
	305.7
	23.3 ± 0.3
	18.0 ± 0.3
	1.2 ± 1.8



	2015 Apr 19
	VLT/FORS2
	0.25
	18
	2.772
	2.544
	21.2
	306.0
	23.1 ± 0.1
	17.8 ± 0.2
	2.1 ± 1.8



	2015 May 22
	VLT/FORS2
	0.25
	16
	2.734
	2.088
	18.8
	313.4
	22.6 ± 0.1
	17.8 ± 0.2
	2.1 ± 1.8



	2015 Jun 10
	VLT/FORS2
	0.25
	18
	2.713
	1.878
	14.7
	317.8
	22.2 ± 0.1
	17.8 ± 0.2
	2.1 ± 1.8



	2015 Jun 10***
	CFHT/MegaPrime
	0.18
	3
	2.713
	1.878
	14.7
	317.8
	21.959 ± 0.002
	17.6 ± 0.1
	3.1 ± 1.9



	2015 Jun 13***
	CFHT/MegaPrime
	0.18
	9
	2.710
	1.850
	13.8
	318.5
	22.2 ± 0.2
	17.9 ± 0.2
	1.6 ± 1.7



	2015 Jul 10
	VLT/FORS2
	0.25
	5
	2.685
	1.693
	6.0
	324.9
	21.7 ± 0.1
	17.9 ± 0.1
	1.6 ± 1.5



	2015 Jul 12
	CFHT/MegaPrime
	0.18
	3
	2.683
	1.688
	5.6
	325.4
	21.38 ± 0.04
	17.6 ± 0.1
	2.8 ± 1.8



	2015 Aug 04
	VLT/FORS2
	0.25
	9
	2.665
	1.715
	9.6
	330.9
	22.0 ± 0.3
	18.1 ± 0.3
	0.9 ± 1.7



	2015 Aug 05
	VLT/FORS2
	0.25
	14
	2.664
	1.719
	9.9
	331.1
	21.8 ± 0.1
	17.8 ± 0.1
	2.1 ± 1.6



	2015 Sep 09
	VLT/FORS2
	0.25
	4
	2.642
	1.990
	19.3
	339.6
	22.4 ± 0.1
	17.8 ± 0.2
	2.1 ± 1.8



	2015 Oct 18
	CFHT/MegaPrime
	0.18
	2
	2.626
	2.443
	22.3
	349.3
	22.6 ± 0.1
	17.5 ± 0.2
	3.6 ± 2.3



	2015 Nov 30
	Perihelion
	−
	−
	2.620
	2.946
	19.3
	0.0
	−
	−
	−



	2015 Dec 08
	LDT/LMI
	0.24
	10
	2.620
	3.029
	18.3
	2.0
	22.2 ± 0.1
	16.8 ± 0.2
	9.5 ± 4.6



	2016 Jul 08
	CFHT/MegaPrime
	0.18
	6
	2.768
	3.067
	19.2
	53.2
	22.8 ± 0.1
	17.2 ± 0.2
	5.7 ± 3.1



	2016 Aug 10
	GN/GMOS-N
	0.14
	4
	2.810
	2.724
	21.0
	60.5
	23.1 ± 0.1
	17.6 ± 0.2
	3.1 ± 2.1



	2016 Sep 05
	GN/GMOS-N
	0.14
	4
	2.845
	2.436
	20.2
	66.0
	23.3 ± 0.1
	18.1 ± 0.2
	0.9 ± 1.5



	2016 Sep 27
	GN/GMOS-N
	0.14
	5
	2.876
	2.214
	17.2
	70.7
	23.0 ± 0.1
	18.0 ± 0.2
	1.2 ± 1.5



	2016 Oct 02
	CFHT/MegaPrime
	0.18
	5
	2.883
	2.171
	16.2
	71.7
	22.7 ± 0.1
	17.8 ± 0.2
	2.1 ± 1.8



	2016 Oct 07
	CFHT/MegaPrime
	0.18
	8
	2.890
	2.131
	15.0
	72.7
	22.9 ± 0.2
	18.1 ± 0.2
	0.9 ± 1.5



	2016 Oct 25
	CFHT/MegaPrime
	0.18
	5
	2.917
	2.026
	10.4
	76.4
	22.5 ± 0.1
	18.0 ± 0.1
	1.2 ± 1.4



	2016 Oct 25
	GN/GMOS-N
	0.14
	4
	2.917
	2.026
	10.4
	76.4
	22.54 ± 0.04
	18.0 ± 0.1
	1.2 ± 1.4



	2016 Nov 29
	GN/GMOS-N
	0.14
	3
	2.969
	2.054
	8.5
	83.3
	22.7 ± 0.1
	18.2 ± 0.1
	0.7 ± 1.4



	2016 Dec 22
	GN/GMOS-N
	0.14
	4
	3.004
	2.250
	13.9
	87.7
	23.1 ± 0.1
	18.2 ± 0.2
	0.6 ± 1.5



	2016 Dec 23
	CFHT/MegaPrime
	0.18
	5
	3.006
	2.261
	14.2
	87.9
	23.0 ± 0.1
	18.0 ± 0.2
	1.2 ± 1.6



	2016 Dec 28
	CFHT/MegaPrime
	0.18
	9
	3.013
	2.320
	15.2
	88.9
	23.1 ± 0.3
	18.0 ± 0.3
	1.2 ± 1.8



	2016 Dec 29
	CFHT/MegaPrime
	0.18
	5
	3.015
	2.332
	15.3
	89.1
	23.2 ± 0.1
	18.1 ± 0.2
	0.9 ± 1.5



	2017 Jan 20
	GN/GMOS-N
	0.14
	5
	3.048
	2.636
	18.1
	93.2
	23.9 ± 0.1
	18.4 ± 0.2
	0.0 ± 1.4



	2018 Aug 19
	Aphelion
	−
	−
	3.571
	4.544
	4.0
	180.0
	−
	−
	−



	2020 Aug 13
	GN/GMOS-N
	0.16
	4
	2.826
	2.390
	20.3
	296.7
	23.2 ± 0.2
	18.0 ± 0.2
	1.2 ± 1.6



	2020 Sep 08
	GN/GMOS-N
	0.16
	3
	2.792
	2.705
	21.0
	302.4
	23.7 ± 0.2
	18.3 ± 0.2
	0.3 ± 1.4



	2020 Sep 10
	GN/GMOS-N
	0.16
	4
	2.789
	2.729
	21.0
	302.8
	23.7 ± 0.1
	18.3 ± 0.2
	0.3 ± 1.4



	2021 May 06
	Perihelion
	−
	−
	2.618
	2.972
	19.5
	0.0
	−
	−
	−



	2021 May 10
	GN/GMOS-N
	0.16
	3
	2.619
	2.931
	20.0
	1.0
	23.35 ± 0.05
	17.9 ± 0.2
	1.5 ± 1.6



	2021 May 12
	GN/GMOS-N
	0.16
	3
	2.619
	2.910
	20.2
	1.5
	23.38 ± 0.03
	18.0 ± 0.2
	1.4 ± 1.6



	2021 Jul 04
	GN/GMOS-N
	0.16
	3
	2.630
	2.330
	22.6
	14.7
	22.29 ± 0.06
	17.3 ± 0.2
	5.2 ± 2.8



	2021 Aug 03
	GN/GMOS-N
	0.16
	3
	2.645
	2.033
	20.1
	22.2
	21.57 ± 0.05
	16.9 ± 0.2
	8.3 ± 3.9



	2021 Aug 08
	GN/GMOS-N
	0.16
	3
	2.648
	1.991
	19.4
	23.4
	21.51 ± 0.01
	16.9 ± 0.2
	8.2 ± 3.9



	2021 Oct 14
	GN/GMOS-N
	0.16
	3
	2.701
	1.839
	13.0
	39.5
	20.82 ± 0.04
	16.6 ± 0.1
	12 ± 5



	2021 Oct 27
	GN/GMOS-N
	0.16
	3
	2.714
	1.920
	15.0
	42.5
	21.00 ± 0.07
	16.6 ± 0.2
	12 ± 6



	2021 Nov 29
	GS/GMOS-S
	0.16
	4
	2.750
	2.253
	19.7
	50.1
	21.86 ± 0.04
	16.9 ± 0.2
	8.3 ± 3.9



	2024 Jan 24
	Aphelion
	−
	−
	3.570
	2.750
	10.0
	180.0
	−
	−
	−



	2026 Oct 14
	Perihelion
	−
	−
	2.625
	2.232
	21.8
	0.0
	−
	−
	−



	




	2010 June 9 − 11
	WISE/W1-2-3-4
	2.75, 5.5
	19, 18
	; 2.623
	2.410
	22.8
	356.1
	−
	−
	−



	2016 Jan 08
	Spitzer/IRAC1-2
	1.22
	70, 71
	2.625
	1.964
	19.8
	9.8
	−
	−
	−



	




	2015 Sep 28
	HST/WFC3
	0.04
	4
	2.633
	2.202
	21.6
	344.3
	22.0 ± 0.1
	17.1 ± 0.2
	



	2015 Oct 08
	HST/WFC3
	0.04
	4
	2.629
	2.321
	22.2
	346.8
	22.4 ± 0.1
	17.4 ± 0.2
	−



	2015 Dec 07
	HST/WFC3
	0.04
	4
	2.620
	3.019
	18.4
	1.8
	22.2 ± 0.1
	16.8 ± 0.2
	−



	2015 Dec 18
	HST/WFC3
	0.04
	4
	2.621
	3.127
	16.9
	4.5
	21.9 ± 0.1
	16.4 ± 0.2
	−





      

      
aTelescope and instrument. bPixel scale in arcsec per pixel. cNumber of exposures taken. dHeliocentric distance in AU. eGeocentric distance in AU. f Solar phase angle (Sun-Target-Observer) in degrees. gTrue anomaly in degrees. hApparent R-band magnitude measured with a 2300 km physical radius.i Absolute R-band magnitude assuming IAU H-G phase function where G = 0.15 ± 0.12. lEstimated dust mass in kg assuming ρd ~ 2500 kg m−3.


Notes: Data presented in the last three columns are the results of our own photometric analysis. Data from dates marked with asterisks were previously published in Hsieh et al. (2012b) (*), Hsieh (2014) (**), and Hsieh & Sheppard (2015) (***). The HST dataset has been previously analyzed in Jewitt et al. (2016). For WISE, 19 images were obtained in W1 and W2 bands, and 18 in W3 and W4 bands. For Spitzer, 70 images were taken in ch1 and 71 in ch2. For HST, the apparent V-band magnitude was measured inside a 3000 km physical radius, and the absolute V-band magnitude was derived assuming an IAU H-G phase function with G = 0.15 ± 0.12.
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