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Abstract

Context. A new meteor shower λ-Sculptorids produced by the comet 46P/Wirtanen was forecast for December 12, 2023. The predicted activity was highly uncertain, but generally considered to be low. Observations in Australia, New Zealand, and Oceania were solicited to help constrain the size distribution of meteoroids in the shower.

Aims. This work aims to characterize the new meteor shower, by comparing the observed and predicted radiants and orbits, and to provide a calibration for future predictions.

Methods. Global Meteor Network video cameras were used to observe the meteor shower. Multi-station observations were used to compute trajectories and orbits, while single-station observations were used to measure the flux profile.

Results. A total of 23 λ-Sculptorid orbits have been measured. The shower peaked at a zenithal hourly rate (ZHR) of [image: equation] meteors per hour at λ⊙ = 259.988° ±0.042°. Due to the low in-atmosphere speed of 15 km s−1, the mean mass of observed meteoroids was 0.5 g (∼10 mm diameter), an order of magnitude higher than predicted. The dynamical simulations of the meteoroid stream can only produce such large meteoroids arriving at Earth in 2023 with correct radiants when a very low meteoroid density of ∼100 kg m−3 is assumed. However, this assumption cannot reproduce the activity profile. It may be reproduced by considering higher density meteoroids in a larger ecliptic plane-crossing time window (ΔT = 20 days) and trails ejected prior to 1908, but then the observed radiant structure is not reproduced.
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1. Introduction
Before launch delays, the comet 46P/Wirtanen was initially selected as the primary target for the Rosetta mission due to its favourable orbit and interesting characteristics (Rickman & Jorda 1998). At the time, the comet was interesting as it had one of the largest nongravitational accelerations of any comet that had undergone a recent orbital perturbation (i.e., close approaches to Jupiter in 1972 and 1984), indicating a high fraction of actively outgassing area (Schulz & Schwehm 1999; Groussin & Lamy 2003). The comet had a very close approach to Earth in 2018, coming within 0.077 AU. Moulane et al. (2023) performed observations using TRAPPIST telescopes and found that the comet is “hyperactive”, with 40% of its surface active and having the activity parameter Afρ(0) of 250 cm. In comparison, typical Jupiter-family comets have active areas between 5–10% (A’Hearn et al. 1995). In a study relevant to this work, Coulson et al. (2020) found the possible presence of mm-sized dust in the 46P’s coma, meaning that they could be detected optically upon entering the atmosphere.
The comet’s orbit has a very low minimum orbit intersection distance (MOID) to Earth of only 0.071 AU, which made it a target of investigation as a potential meteor shower parent body (Ye & Jenniskens 2022). Maslov & Muzyko (2017) predicted possible low-activity outbursts in 2017 and 2019 with a zenithal hourly rate (ZHR) not exceeding 5–10 meteors per hour. No positive confirmations of the outbursts have been made in those years. Vaubaillon et al. (2023) performed a separate set of simulations using five different methods that mostly differ in terms of the conditions of meteoroid ejection from the comet and in the modeling of non-gravitational forces during orbital integration. The dynamical models by the co-authors are referred to in this paper by their initials: AE (Egal et al. 2019), JV (Vaubaillon et al. 2005a,b), QY (Ye et al. 2016), MS (Watanabe et al. 2005), and DM (Moser & Cooke 2004, 2008)). All models roughly agreed and found no significant encounters of ejected particles with the Earth in the past, except in 2007 and 2018 with the 1974 trail. A search on Canadian Meteor Orbit Radar (CMOR) data, which spans over two decades (Brown et al. 2010) was performed for these years, as well as the years predicted by Maslov & Muzyko (2017); however, no conclusive detections have been found. However, due to the slow speed of meteoroids, which severely impacts the ionization efficiency and the meteor shower geocentric radiants being under the horizon, only a fraction of the largest meteoroids could even be theoretically detectable due to zenithal attraction (Gural 2001).
For 2023, all five models of Vaubaillon et al. (2023) predict an encounter with the 1974 trail ranging in time between December 12 08:23 UT and 20:06 UT. In addition, the AE model predicts encounters with trails ejected between 1900 and 1945 a bit later, between December 12 at 17:05 UT and December 13 at 06:26 UT. Due to a lack of calibration on observations, only the upper limit on the ZHR has been provided, estimated not to exceed ten meteors per hour on average. The predicted distribution of geocentric radiants on the sky was roughly diagonal and spanned about 15°, from approximately RA = 10°, Dec = −45° to RA = 6°, Dec = −33°. The large extent of the radiant locations was due to the uncertainty in encounter parameters and included all meteoroids within 0.05 AU from Earth. However, meteoroids that were predicted to come the closest, within 0.001 AU, were all concentrated in a tight 1° radius around RA = 7.75°, Dec = −39°. The radiant at the nominal peak time on December 12 at 10:15 UT was predicted to be in the zenith just off the southwestern tip of Australia, located at the edge of the Earth’s terminator. The best locations for optical observations were thus in Australia, New Zealand, and the rest of the Southwest Pacific. The meteor shower was initially referred to as the “Wirtanenids”, but Vaubaillon et al. (2023) suggested a new name for the shower, λ-Sculptorids, which has been accepted by the International Astronomical Union (IAU) for the name of the shower and this term is used herein to refer to the shower. The provisional designation for the shower by the IAU Meteor Data Center is M2023-Y1.
In this work, we report the first conclusive observations of meteors produced by dust ejected from comet 46P/Wirtanen. In Sect. 2, we describe the hardware and methods used by the Global Meteor Network. In Sect. 3, we present the results of observations and the comparison to predictions.
2. Methods
The Global Meteor Network (GMN1) is a professional-amateur consortium that currently operates over 1000 video meteor cameras globally (Vida et al. 2021). The network has over 200 cameras in the Southwest Pacific region, mostly operated by Fireballs Aotearoa2 in New Zealand, Perth Observatory in Western Australia3, and a number of independent citizen scientists. An average GMN camera system consists of a commercial off-the-shelf (COTS) video camera with a Sony IMX291 sensor, coupled to a 3.6 mm f/0.95 lens and a Raspberry Pi single-board computer for data capture and processing. The optical setup achieves similar performance to human vision, with a field of view (FoV) of 88°   ×  48°, a frame rate of 25 frames per second and a stellar limiting magnitude in average sky conditions of +6.0 (Vida et al. 2021). In addition, a pair of six-camera stations in Western Australia (Pemberton and Toodyay) were operated with 6 mm lenses with a FOV of 53°   ×  30° and a stellar limiting magnitude of +6.5.
Individual cameras report to a central server that performs meteor trajectory correlation and meteor shower flux computation. Multi-station trajectories and orbits are computed using the method described in Vida et al. (2020b), which provides realistic uncertainties of orbital parameters by using Monte Carlo error estimation. Meteor shower flux is computed from single-station observations using the method described in Vida et al. (2022). The total observed atmospheric area at the height of the meteor shower is estimated by applying bias corrections, which take into account the theoretical radiant elevation, meteor angular velocity, and measured camera sensitivity and vignetting. An algorithm is employed to determine periods of clear skies by matching observed stars to their computed positions and numbers assuming modeled observational biases. The method produces a meteor activity profile in units of meteoroids per 1000 square kilometres at a given mass limit, together with a profile of observation efficiency, which informs the completeness of the results (e.g., a peak might be missing in the activity profile if all cameras were clouded out at that time). In practice, for any new meteor shower, meteor trajectories are computed first and the radiant location, radiant drift, radiant dispersion, meteor velocity, average meteor height, and meteoroid mass distribution index are manually measured. These data are then put in the flux algorithm.
3. Observation results and comparison to simulations
During the time of the predicted λ-Sculptorid activity, most of New Zealand was under cloud cover, with only a handful of cameras of Fireballs Aotearoa having clear skies the whole night. The weather in Australia was excellent, with most cameras observing uninterrupted the whole night. Qualitatively speaking, the observed activity was very low, with each camera observing on the order of one λ-Sculptorid meteor during the whole night.
3.1. Trajectories and orbits
A total of 23 λ-Sculptorid meteoroid trajectories and orbits were computed, the details of which are given in Table A.1. All were observed in either New Zealand or Australia, except for one each from South Korea and Bulgaria where the radiant was under the horizon but the trajectories were bent by Earth’s gravity enabled by the extremely low speed of the shower (i.e., zenithal attraction). The observed median geocentric radiant is αg = 6.89°, δg = −38.89° in equatorial and λg − λ⊙ = 88.10°, βg = −38.19° in Sun-centered ecliptic coordinates. The radiant dispersion, measured as the median angular separation from the median radiant (Moorhead et al. 2021), is 0.96°. The median radiant measurement error is 0.52°, meaning that the true physical radiant dispersion has been resolved. The median observed geocentric velocity is 10.00 ± 0.25 km s−1.
Figure 1 shows the comparison between model radiants and the observed GMN and CMOR radiants. The observed GMN radiant locations generally match well with the models. The mean observed geocentric declination matches almost exactly, with some models predicting it to be at the observed −38.8°, while the rest are all between −38.0° and −40.4° for the 1974 trail. However, there is a ∼1° shift in right ascension from the mean model radiant locations. In terms of the spread, the AE model radiants extend about 8° along the declination, while the JV radiants extend ∼2° along the right ascension, matching the GMN video observations best. All models predicted a mean encounter geocentric velocity in the range between 9.8 and 10.3 km s−1, which perfectly matches the observed value of 10.00 ± 0.25 km s−1.
	[image: thumbnail]	Fig. 1. Comparison between the geocentric radiants measured by GMN (crosses) and CMOR (circled crosses) and the various theoretical radiants proposed by Vaubaillon et al. (2023). The models are marked by the initials of individual co-authors. The coloured circles are radiants predicted by AE, based on the Egal et al. (2019) model, with mm-sized particles having a dark edge (to the left of the smaller particles). Triangles are model radiants predicted by JV using the Vaubaillon et al. (2005a) model. The radiants observed by the GMN are shown as crosses. The error bars are not plotted for better readability, but the average radiant measurement error is ∼0.5°.



In addition to GMN, CMOR observed a total of four λ-Sculptorid meteors, despite being located in Canada. Two had large measurement uncertainties due to the extremely low speed. The other two have been observed well and presented in the figure. The improved atmospheric deceleration correction for CMOR (Froncisz et al. 2020) enabled accurate measurement of the pre-atmospheric speed of these slow meteors. The electron line densities for the two meteors are around 1014 e m−1, translating to a peak meteor magnitude of about +5.5 and 3–5 mm diameter particles (Weryk & Brown 2013). To confirm the validity of the detection, a period of 20 days before the shower was investigated for additional detections, and not a single radiant was observed by CMOR within a 20° radius from the shower during that time. The two radiants (Fig. 1) were located exactly on the elongated radiant spread modeled by AE, matching that model best.
For reference, the mean orbital parameters using GMN data have been computed using the method of Jopek et al. (2006) and are given in Table 1 where they are compared to the mean of simulated orbits (JV), and the orbit of the comet 46P/Wirtanen at epochs in 2018 (latest orbit) and the time of meteoroid ejection in 1974. Compared to the comet, both the observed and simulated meteoroids have a smaller orbit, with the perihelion just inside the Earth’s orbit. The mean observed and simulated orbits compare well and are well within the scatter in the orbital parameters for both (see Table A.1).
Table 1. 
Mean orbital elements of the observed λ-Sculptorids compared to the mean orbital elements of the simulated particles encountering the Earth in 2023 (JV model) and the comet 46P/Wirtanen.

3.2. Physical properties
The shower meteors exhibited median begin and end heights of 90.1 ± 1.2 km and 78.2 ± 2.9 km, respectively. The median meteor peak height is 84.2 ± 2.5 km, translating into an F parameter of 0.54 ± 0.13. The observed absolute peak magnitudes ranged from the faintest meteor at +2.40 to the brightest at −0.45. The photometric masses were computed on integrated light curves using a fixed luminous efficiency of τ = 0.7% (Vida et al. 2018). The observed meteoroids had masses between 0.15–4.12 g, with a median mass of 0.47 g. Using a bulk density of 500 kg m−3 (Ceplecha et al. 1998), these masses correspond to diameters between 8–25 mm, and the median value of 12 mm.
We computed the Ceplecha (1958)KB parameter to characterize the physical composition. Cordonnier et al. (2024) calibrated the parameter on GMN data and found that a value of −0.1 needs to be subtracted from the original definition, a correction that we also applied. The shower had a mean KB of 6.972 ± 0.096, putting the meteors into group C1, defined as regular cometary material from short-period comets (Ceplecha 1988). This result is consistent with the comet’s origin and orbit, making the meteoroids similar to the Taurids, for instance. A similar value of KB has also been observed for the 2022 outburst of the τ-Herculids (Egal et al. 2023). That outburst was caused by similarly-aged meteoroids, ejected in 1995. Both comets were on a similar orbit with a q ≈ 1 and the measured KB for the τ-Herculids is 6.9 ± 0.2 (Koten et al. 2023). This is in contrast to the Draconids, which are also young (Egal et al. 2019), and have a parent body on a similar orbit, but are much more fragile, classified as group D (Koten et al. 2007). This indicates the physical structural strength of meteoroids is not only a function of age, but is inherent to the specificity of the material present in the parent comet.
3.3. Activity profile
Due to the small number of observed meteors, the population index has been difficult to measure. Using the method of Vida et al. (2020a), we found a mass index of [image: equation] and a population index of [image: equation]. The errors are large due to the small sample size, making choosing a single nominal value difficult. We erred on the side of caution, choosing values of s = 2.2 and r = 3.0 which have been traditionally considered in the literature as values appropriate for showers rich in small particles (Rendtel 2004), as indicated from observations of 46P (Kareta et al. 2023; Vaubaillon et al. 2023). The chosen value is well within the uncertainty.
Figure B.1 in the appendix shows the observed flux profile of the λ-Sculptorids and the data is given in Table A.2. The shower peaked at solar longitude λ⊙ = 259.988° ±0.042° (2023-12-12 15:04 UTC ± 1 h). The peak flux was [image: equation] meteoroids per 1000 km2 per hour at a limiting magnitude of +5.42 and limiting mass of 1.5  ×  10−5 kg. Translated to zenithal hourly rate (ZHR), the peak activity was [image: equation] meteors per hour. The observed activity period spanned solar longitudes between 259.735° and 260.318708° (09:06 UTC to 22:53 UTC), with the threshold ZHR of around 0.1 meteors per hour. The network had excellent observational coverage throughout the activity period and had no coverage gaps. The minimum time-area product (TAP) per bin is set to 15 000 km2 h and the minimum number of meteors per bin is set to 10, allowing for a temporal resolution of about 1 h. The bin duration was limited by the number of meteors in each bin and not the TAP, showing the scarcity of observed meteors.
Figure 2 shows the comparison between the predicted and observed activity profiles. Vaubaillon et al. (2023) found that different ejection conditions at the comet highly influence the shower’s predicted time, which varied from 259.71° to 260.20° in solar longitude. In addition, the trails released by 46P display a complicated dynamical evolution that is typical of JFC meteoroid stream (Vaubaillon et al. 2004). This is particularly true for the 1974 trail, which suffered a close encounter with Jupiter in 1984 that significantly changed the meteoroids’ orbital elements, causing the positions of the comet and the trail to reverse, putting the meteoroids in a leading position in front of the comet (see the comparison of the orbital elements before and after the encounter in Fig. B.2 ).
	[image: thumbnail]	Fig. 2. Comparison between the observed flux profile of the λ-Sculptorids with the predictions of Vaubaillon et al. (2023). Coloured lines indicate the maximum activity time predicted by the different models presented in Table 2 of Vaubaillon et al. (2023), and marked by the initials of the co-authors. The solid lines illustrate the modeled activity predicted by AE for particles with sizes above (blue) or below (red) one millimetre, with nodal-crossing locations closer than 0.02 AU from the Earth’s orbit at the time of the shower (AE1 model). The black symbols represent the flux measured by GMN at a limiting magnitude of +6.5.



All models in Vaubaillon et al. (2023) predicted a meteor activity caused by the 1974 trail. However, only the smallest meteoroids (< 1 mm) of the trail were found to approach the Earth in 2023, with masses below the detection limit of GMN cameras. This discrepancy can be resolved if models considered lower particle densities than the predicted values of 500–1000 kg m−3. Additional simulations conducted by JV with a density of 100 kg m−3 show that massive particles from the 1974 trail are able to reach the Earth in 2023, with radiants and arrival times similar to those of Vaubaillon et al. (2023) and matching the observed radiant locations but not the peak time and activity profile. This low density is plausible as the shower’s KB parameter is similar to that of the τ-Herculids which also had a very low measured bulk density of 250 kg m−3 (Egal et al. 2023).
Additional investigations of the AE1 simulations, motivated by the observational constraints, highlight the influence of the particles’ selection criterion on the modeled activity profile. In the simulations, only particles crossing the ecliptic plane within a distance ΔX and time ΔT from the Earth are retained as potential impactors. For a standard ΔX < 0.02 AU and ΔT ± 7 days, only particles from the 1974 trail and the 1900–1908+ trails produced detectable meteors (model AE1 in Vaubaillon et al. (2023)), as shown in Fig. 2.
By increasing ΔT to 20 days, we find the modeled profile to be in better agreement with the observations (blue curve in Fig. 3). The temporal ΔT selection amounts to replacing each simulated particle p with a swarm of particles of identical orbits centred on p, which crosses the ecliptic plane at the nodal during a period of 2ΔT. Large ΔT values, representing a high uncertainty on the particles’ position along the orbits, have been employed to successfully predict the return of past meteor showers (Jenniskens & Vaubaillon 2008; Egal et al. 2020).
	[image: thumbnail]	Fig. 3. Updated modeled activity (postdiction) of the λ-Sculptorid shower from the AE1 simulation data set, for sub-mm (green) and mm-sized (cyan) particles. In Vaubaillon et al. (2023), only particles crossing the ecliptic plane closer than Δr = 0.02 AU and within ΔT ± 7 days from the Earth were retained in AE1’s simulation. By increasing the time selection criterion to 20 days, more mm-sized particles ejected from 46P prior to 1908 approached the Earth in 2023. The resulting activity profile (dark blue) is a better match to the observations when including the contribution of older trails.



With this less restrictive ΔT criterion, several trails ejected prior to 1908 are found to contribute to the shower’s activity in 2023. The resulting activity profile reproduces well the timing and duration reported for the shower. In contrast, the modeled radiants remained similar to those presented in Fig. 1, and do not reproduce the observed spread in right ascension as well as the JV model. While additional observations could help assess the real contribution of trails ejected from the comet prior to 1974, no significant activity of the λ-Sculptorid is expected until 2045 in the AE1 model.
4. Conclusions
We have presented the first observations of meteors from a new meteor shower λ-Sculptorids produced by the comet 46P/Wirtanen. The dynamical simulations by Vaubaillon et al. (2023) predicted that meteoroids from the 1974 trail encounter the Earth on December 12, 2023. The authors used several different methods and thus the exact predicted time of the peak varied between 08:23 UT and 20:06 UT.
A total of 23 multi-station meteors were observed by video meteor cameras of the Global Meteor Network for which trajectories were correlated, and a total of 172 from single-station λ-Sculptorids were used to estimate the flux. The activity peaked at 2023-12-12 15:04 UTC ± 1 h (solar longitude λ⊙ = 259.988° ±0.042°), while the total activity period (ZHR > 0.1) spanned between 09:06 UTC to 22:53 UTC (solar longitudes 259.735° and 260.318708°). The shower peaked at a ZHR of [image: equation] meteors per hour.
Due to the slow in-atmosphere speed of ∼15 km s−1, only the largest meteoroids were observed, with an average size of 10 mm. The measured value of KB = 7.0 ± 0.1 indicates an ordinary short-period comet composition, similarly to the recent τ-Herculid outburst in 2022, which was produced by similarly young meteoroids ejected in 1995.
Trajectory, orbit, and activity level observations by the Global Meteor Network all matched the meteoroid stream dynamical simulations well overall. The radiants best match the predictions of JV for the 1974 trail if a very low bulk density of 100 kg m−3 is assumed. For higher densities, mm-sized and larger meteoroids do not reach the Earth in 2023 in all dynamical simulations. Alternatively, the observed activity profile and the mm-sizes can be achieved using older trails and if a larger threshold of time and range from the orbit is taken into account (i.e., AE model). However, this model reproduces the radiant structure less accurately than other models. The fundamental difficulty in reproducing the observations stems from the close encounter of the 1974 trail with Jupiter in 1984, which caused a significant shift in the orbital parameters. Any small model uncertainties are amplified by that event, setting a practical limit on the reproducibility of the observations. This makes the λ-Sculptorids an excellent data point for future model validation and improvement, as small differences in the model assumptions make large differences in the final result, helping to identify the best approach and model parameters.


1 GMN website: https://globalmeteornetwork.org/ (accessed Jan. 8, 2024).


2 Fireballs Aotearoa: https://fireballs.nz/ (accessed Dec. 25, 2023).


3 Perth Observatory: https://www.perthobservatory.com.au/ (accessed Dec. 25, 2023).
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Appendix A:  Meteor trajectories and orbits
Table A.1. 
Trajectory and orbit parameters of the observed meteors by the Global Meteor Network.

Table A.2. 
Flux measurements by the GMN.


Appendix B:  Additional figures
	[image: thumbnail]	Fig. B.1. Flux profile of the λ-Sculpturids. The top inset shows the flux at two different limiting magnitudes: black markers for the standard +6.5 and gray markers for the observed mean of +5.42. The bottom inset shows the observed time-area product (TAP) and the observed number of meteors, together with the thresholds set on both. The dark gray shading inside individual TAP bins shows the distribution of TAP inside each bin, revealing any potential gaps in coverage.



	[image: thumbnail]	Fig. B.2. Orbits of simulated particles encountering the Earth in 2023, ejected in 1974 (JV model). Particles are coloured by the relative number density. The red marker is the orbit of 46P/Wirtanen. The close encounter with Jupiter in 1984 caused the so-called reversal process, eventually making the meteoroids lead the parent.
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	[image: thumbnail]	Fig. 1. Comparison between the geocentric radiants measured by GMN (crosses) and CMOR (circled crosses) and the various theoretical radiants proposed by Vaubaillon et al. (2023). The models are marked by the initials of individual co-authors. The coloured circles are radiants predicted by AE, based on the Egal et al. (2019) model, with mm-sized particles having a dark edge (to the left of the smaller particles). Triangles are model radiants predicted by JV using the Vaubaillon et al. (2005a) model. The radiants observed by the GMN are shown as crosses. The error bars are not plotted for better readability, but the average radiant measurement error is ∼0.5°.
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	[image: thumbnail]	Fig. 2. Comparison between the observed flux profile of the λ-Sculptorids with the predictions of Vaubaillon et al. (2023). Coloured lines indicate the maximum activity time predicted by the different models presented in Table 2 of Vaubaillon et al. (2023), and marked by the initials of the co-authors. The solid lines illustrate the modeled activity predicted by AE for particles with sizes above (blue) or below (red) one millimetre, with nodal-crossing locations closer than 0.02 AU from the Earth’s orbit at the time of the shower (AE1 model). The black symbols represent the flux measured by GMN at a limiting magnitude of +6.5.
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	[image: thumbnail]	Fig. 3. Updated modeled activity (postdiction) of the λ-Sculptorid shower from the AE1 simulation data set, for sub-mm (green) and mm-sized (cyan) particles. In Vaubaillon et al. (2023), only particles crossing the ecliptic plane closer than Δr = 0.02 AU and within ΔT ± 7 days from the Earth were retained in AE1’s simulation. By increasing the time selection criterion to 20 days, more mm-sized particles ejected from 46P prior to 1908 approached the Earth in 2023. The resulting activity profile (dark blue) is a better match to the observations when including the contribution of older trails.
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	[image: thumbnail]	Fig. B.1. Flux profile of the λ-Sculpturids. The top inset shows the flux at two different limiting magnitudes: black markers for the standard +6.5 and gray markers for the observed mean of +5.42. The bottom inset shows the observed time-area product (TAP) and the observed number of meteors, together with the thresholds set on both. The dark gray shading inside individual TAP bins shows the distribution of TAP inside each bin, revealing any potential gaps in coverage.
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	[image: thumbnail]	Fig. B.2. Orbits of simulated particles encountering the Earth in 2023, ejected in 1974 (JV model). Particles are coloured by the relative number density. The red marker is the orbit of 46P/Wirtanen. The close encounter with Jupiter in 1984 caused the so-called reversal process, eventually making the meteoroids lead the parent.
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      Table 1. 

      Mean orbital elements of the observed λ-Sculptorids compared to the mean orbital elements of the simulated particles encountering the Earth in 2023 (JV model) and the comet 46P/Wirtanen.

      
        


	Parameter
	λ-Sculptorids
	Simulated
	46P/Wirtanen
	46P/Wirtanen
	





	Epoch
	J2000
	J2000
	2458465.5
	2442240.5
	



	Date
	2023-12-12
	2023-12-12
	2018-12-13
	1974-07-12
	



	a
	2.891
	3.029
	3.092662
	3.255261
	AU



	q
	0.984566
	0.980229
	1.05535538
	1.255701
	AU



	e
	0.65946
	0.676399
	0.6587550
	0.614255
	



	i
	9.200
	8.364
	11.747548
	12.2672
	deg



	Ω
	79.925
	79.432
	82.157634
	84.2087
	deg



	ω
	359.915
	0.284
	356.341072
	351.8580
	deg





      

      
Notes. JPL Horizons: https://ssd.jpl.nasa.gov/tools/sbdb_lookup.html#/?sstr=46P (accessed Dec. 25, 2023).
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      Table A.1. 

      Trajectory and orbit parameters of the observed meteors by the Global Meteor Network.

      
        


	Time (UTC)
	λ⊙
	αg
	δg
	Vg
	a
	e
	i
	q
	Ω
	ω
	π
	hB
	hE
	hpeak
	Mpeak
	KB



	
	(deg)
	(deg)
	(deg)
	(km/s)
	(au)
	
	(deg)
	(au)
	(deg)
	(deg)
	(deg)
	(km)
	(km)
	(km)
	(mag)
	





	09:41:46.307
	259.760586
	7.84
	-38.62
	10.392
	3.140
	0.6864
	9.439
	0.9846310
	79.768747
	0.30
	80.07
	90.218
	76.819
	84.199
	+0.21
	6.94



	
	
	0.32
	0.18
	0.074
	0.070
	0.0069
	0.038
	0.0000000
	
	0.14
	0.14
	0.050
	0.040
	
	
	



	10:30:52.915
	259.795268
	7.16
	-38.43
	9.900
	2.832
	0.6523
	8.991
	0.9846280
	79.802844
	0.08
	79.88
	89.853
	78.091
	81.758
	+0.46
	6.97



	
	
	0.21
	0.20
	0.061
	0.032
	0.0040
	0.079
	0.0000000
	
	0.10
	0.10
	0.030
	0.020
	
	
	



	10:45:53.244
	259.805864
	7.76
	-39.13
	10.579
	3.254
	0.6974
	9.668
	0.9846250
	79.813104
	0.07
	79.88
	89.906
	81.326
	86.231
	+1.65
	7.00



	
	
	1.77
	1.10
	0.684
	0.901
	0.0542
	0.447
	0.0002000
	
	1.08
	1.08
	0.160
	0.170
	
	
	



	10:55:57.111
	259.812971
	5.82
	-40.22
	10.359
	3.060
	0.6782
	9.558
	0.9845520
	79.819086
	358.87
	78.69
	89.323
	77.529
	81.388
	-0.07
	7.03



	
	
	0.63
	0.77
	0.085
	0.046
	0.0049
	0.187
	0.0000000
	
	0.44
	0.44
	0.060
	0.060
	
	
	



	11:05:57.961
	259.820043
	8.29
	-39.09
	10.100
	2.896
	0.6601
	9.365
	0.9846180
	79.826519
	0.34
	80.17
	88.731
	77.457
	81.778
	-0.45
	7.07



	
	
	0.59
	0.44
	0.140
	0.131
	0.0130
	0.065
	0.0000000
	
	0.33
	0.33
	0.050
	0.030
	
	
	



	12:00:04.960
	259.858260
	6.56
	-38.65
	9.861
	2.808
	0.6494
	8.955
	0.9846150
	79.864074
	359.71
	79.58
	91.385
	77.007
	87.773
	+1.77
	6.86



	
	
	0.42
	0.14
	0.134
	0.067
	0.0084
	0.152
	0.0000000
	
	0.14
	0.14
	0.070
	0.060
	
	
	



	12:46:23.484
	259.890963
	6.58
	-39.45
	9.782
	2.722
	0.6383
	9.057
	0.9846060
	79.902111
	359.45
	79.35
	92.840
	77.232
	83.906
	+0.20
	6.75



	
	
	0.19
	0.33
	0.095
	0.070
	0.0088
	0.021
	0.0000000
	
	0.18
	0.18
	0.070
	0.030
	
	
	



	12:57:12.681
	259.898605
	6.79
	-39.27
	9.831
	2.755
	0.6426
	9.076
	0.9846140
	79.909016
	359.59
	79.50
	90.072
	72.864
	81.493
	-0.44
	6.94



	
	
	0.33
	0.17
	0.057
	0.043
	0.0058
	0.016
	0.0000000
	
	0.13
	0.13
	0.020
	0.020
	
	
	



	13:01:31.386
	259.901649
	6.27
	-37.72
	9.848
	2.853
	0.6549
	8.739
	0.9846130
	79.907307
	359.85
	79.76
	89.511
	81.264
	85.819
	+0.95
	7.03



	
	
	0.56
	0.99
	0.158
	0.052
	0.0061
	0.336
	0.0000000
	
	0.24
	0.24
	0.070
	0.060
	
	
	



	13:07:48.998
	259.906093
	6.26
	-37.86
	9.996
	2.942
	0.6653
	8.868
	0.9846170
	79.916954
	359.78
	79.70
	89.483
	77.391
	83.160
	+1.26
	7.00



	
	
	0.27
	1.65
	0.440
	0.344
	0.0435
	0.033
	0.0000000
	
	0.42
	0.42
	0.130
	0.130
	
	
	



	13:14:46.735
	259.911011
	6.89
	-39.91
	9.730
	2.666
	0.6307
	9.134
	0.9846020
	79.920482
	359.43
	79.35
	88.251
	79.740
	83.293
	+1.11
	7.06



	
	
	0.24
	0.41
	0.097
	0.033
	0.0048
	0.154
	0.0000000
	
	0.14
	0.14
	0.020
	0.010
	
	
	



	13:21:43.108
	259.915911
	7.09
	-39.44
	9.903
	2.783
	0.6462
	9.186
	0.9846120
	79.925115
	359.66
	79.58
	92.288
	74.862
	81.079
	-0.43
	6.78



	
	
	0.19
	0.18
	0.024
	0.003
	0.0003
	0.066
	0.0000000
	
	0.06
	0.06
	0.020
	0.020
	
	
	



	13:22:48.440
	259.916680
	6.04
	-38.38
	9.692
	2.732
	0.6396
	8.740
	0.9846030
	79.921885
	359.55
	79.47
	91.239
	80.946
	85.689
	+0.92
	6.89



	
	
	0.25
	0.15
	0.015
	0.012
	0.0016
	0.045
	0.0000000
	
	0.11
	0.11
	0.030
	0.030
	
	
	



	13:30:12.540
	259.921907
	10.80
	-38.57
	10.269
	2.972
	0.6688
	9.610
	0.9844630
	79.926941
	1.57
	81.49
	89.407
	82.104
	84.754
	+2.40
	7.06



	
	
	2.30
	0.28
	0.182
	0.060
	0.0074
	0.366
	0.0001000
	
	0.95
	0.95
	0.150
	0.120
	
	
	



	13:44:07.285
	259.931732
	9.26
	-37.94
	10.364
	3.122
	0.6847
	9.411
	0.9845450
	79.940239
	1.07
	81.01
	90.921
	78.231
	84.105
	+0.49
	6.90



	
	
	0.65
	1.74
	0.466
	0.186
	0.0245
	0.697
	0.0001000
	
	0.32
	0.32
	0.190
	0.060
	
	
	



	14:39:26.951
	259.970805
	6.97
	-39.04
	10.235
	3.020
	0.6739
	9.335
	0.9846000
	79.978607
	359.68
	79.66
	90.153
	79.277
	86.483
	+0.80
	6.97



	
	
	0.20
	0.15
	0.034
	0.011
	0.0012
	0.068
	0.0000000
	
	0.07
	0.07
	0.020
	0.010
	
	
	



	15:02:38.789
	259.987187
	6.28
	-39.95
	9.931
	2.789
	0.6470
	9.236
	0.9846210
	80.002258
	359.10
	79.10
	90.100
	71.945
	76.310
	-0.26
	7.17



	
	
	0.12
	0.09
	0.026
	0.018
	0.0023
	0.011
	0.0000000
	
	0.08
	0.08
	0.070
	0.040
	
	
	



	15:24:13.360
	260.002425
	6.26
	-37.78
	10.088
	3.009
	0.6728
	8.915
	0.9845980
	80.009246
	359.75
	79.76
	88.584
	80.556
	85.417
	+0.99
	7.09



	
	
	0.72
	0.75
	0.072
	0.016
	0.0017
	0.258
	0.0000000
	
	0.18
	0.18
	0.040
	0.050
	
	
	



	15:32:00.210
	260.007921
	9.66
	-38.34
	9.938
	2.804
	0.6489
	9.221
	0.9845250
	80.015119
	1.11
	81.12
	88.757
	78.596
	83.334
	+0.88
	7.07



	
	
	1.06
	0.29
	0.026
	0.010
	0.0013
	0.064
	0.0000000
	
	0.55
	0.55
	0.040
	0.070
	
	
	



	16:06:14.321
	260.032097
	7.38
	-39.37
	10.243
	2.996
	0.6714
	9.442
	0.9846270
	80.038368
	359.73
	79.77
	91.896
	83.424
	88.004
	+1.24
	6.96



	
	
	0.40
	0.30
	0.121
	0.077
	0.0085
	0.109
	0.0000000
	
	0.27
	0.27
	0.050
	0.040
	
	
	



	16:33:46.541
	260.051545
	6.75
	-39.84
	10.218
	2.965
	0.6679
	9.464
	0.9845640
	80.057597
	359.29
	79.35
	90.695
	76.727
	85.900
	+0.13
	6.94



	
	
	0.67
	0.08
	0.047
	0.041
	0.0049
	0.022
	0.0000000
	
	0.32
	0.32
	0.040
	0.080
	
	
	



	16:55:42.027
	260.067029
	8.74
	-38.89
	10.120
	2.909
	0.6616
	9.381
	0.9845780
	80.073024
	0.47
	80.55
	90.502
	81.624
	84.233
	+1.90
	6.95



	
	
	1.00
	0.20
	0.031
	0.011
	0.0012
	0.080
	0.0000000
	
	0.50
	0.50
	0.070
	0.060
	
	
	



	17:11:49.569
	260.078417
	6.08
	-38.88
	9.610
	2.663
	0.6302
	8.780
	0.9845680
	80.084380
	359.33
	79.42
	90.613
	82.306
	85.386
	+1.35
	6.92



	
	
	0.72
	0.28
	0.066
	0.033
	0.0044
	0.071
	0.0000000
	
	0.39
	0.39
	0.080
	0.010
	
	
	





      

      
All meteors were observed on December 12. Standard deviations of individual parameters are given in alternating rows. λ⊙ is the solar longitude, αg and δg are geocentric right ascension and declination in J2000, Vg is the geocentric velocity, a is the semi-major axis, e is the eccentricity, i is the inclination, q is the perihelion distance, Ω is the ascending node, ω is the argument of perihelion, π is the longitude of perihelion, hB is the meteor being height, hE is the end height, hpeak is the height of peak magnitude, Mpeak is the peak magnitude, and KB is the Ceplecha (1958) parameter.



    

  
    
      Table A.2. 

      Flux measurements by the GMN.

      
        


	λ⊙
	Flux(+6.5)
	Flux(+5.42)
	ZHR
	Meteor Count
	TAP
	Meteor LM
	Radiant elev.
	Radiant dist.
	Ang vel.



	(deg)
	(met / 1000 km2 h)
	(met / 1000 km2 h)
	(met/h)
	
	(1000 km2 h)
	(mag)
	(deg)
	(deg)
	(deg/s)





	259.7351911
	
[image: equation]
	
[image: equation]
	
[image: equation]
	10
	79.760
	5.36
	52.58
	61.34
	6.08



	259.8190395
	
[image: equation]
	
[image: equation]
	
[image: equation]
	10
	72.255
	5.45
	43.28
	64.32
	6.37



	259.8635306
	
[image: equation]
	
[image: equation]
	
[image: equation]
	13
	79.795
	5.46
	53.29
	60.99
	6.03



	259.9063104
	
[image: equation]
	
[image: equation]
	
[image: equation]
	36
	99.887
	5.53
	56.61
	58.49
	5.87



	259.9473790
	
[image: equation]
	
[image: equation]
	
[image: equation]
	20
	72.807
	5.46
	52.77
	61.90
	5.95



	259.9884477
	
[image: equation]
	
[image: equation]
	
[image: equation]
	32
	54.381
	5.41
	46.60
	65.48
	6.10



	260.0312275
	
[image: equation]
	
[image: equation]
	
[image: equation]
	16
	42.488
	5.41
	43.32
	66.76
	6.10



	260.0740073
	
[image: equation]
	
[image: equation]
	
[image: equation]
	14
	32.179
	5.38
	35.02
	72.36
	6.24



	260.1321879
	
[image: equation]
	
[image: equation]
	
[image: equation]
	10
	42.696
	5.33
	26.98
	78.32
	6.23



	260.3187080
	
[image: equation]
	
[image: equation]
	
[image: equation]
	11
	97.173
	5.31
	34.52
	71.62
	6.71





      

      
λ⊙ is the time-area product (TAP) weighted solar longitude of the bin. The two flux columns are fluxes at the standard magnitude of +6.5 and the measured mean magnitude of +5.42. Meteor LM is the mean TAP-weighted apparent meteor limiting magnitude, followed by the mean radiant parameters weighted in the same way.



    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Flux profile of the λ-Sculpturids. The top inset shows the flux at two different limiting magnitudes: black markers for the standard +6.5 and gray markers for the observed mean of +5.42. The bottom inset shows the observed time-area product (TAP) and the observed number of meteors, together with the thresholds set on both. The dark gray shading inside individual TAP bins shows the distribution of TAP inside each bin, revealing any potential gaps in coverage.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Orbits of simulated particles encountering the Earth in 2023, ejected in 1974 (JV model). Particles are coloured by the relative number density. The red marker is the orbit of 46P/Wirtanen. The close encounter with Jupiter in 1984 caused the so-called reversal process, eventually making the meteoroids lead the parent.
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