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ABSTRACT

We present the physical and dynamical properties of the recently discovered active asteroid (248370) 2005QN173
(aka 433P). From our observations, we derived two possible rotation period solutions of 2.7+ 0.1 and 4.1 £ 0.1 hours.
The corresponding light curve amplitudes computed after correcting for the effect of coma are 0.28 and 0.58 mag,
respectively. Both period solutions are shorter than the critical rotation limit computed for a strengthless triaxial
ellipsoid, suggesting that rotation mass shedding should at least partly be responsible for the observed activity. We
confirm that the activity level is fading further, but at a very modest rate of only 0.006 mag/day, still also compatible
with sublimation-driven activity. We found that 248370 likely belongs to the Themis asteroid family, making it a
fourth main-belt comet associated with this group. Orbital characteristics of 248370 are also consistent with its origin
in the young 288P cluster of asteroids. The 288P cluster is associated with its namesake main-belt comet, providing

an exciting possibility for a comparative analysis of intriguing main-belt comets 248370 and 288P.
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1 INTRODUCTION

Active asteroids are a class of atypical small solar system ob-
jects, having at the same time the orbital characteristics of
asteroids and the physical characteristics of comets, includ-
ing coma and tail-like appearance (e.g. Jewitt et al. 2015).
A subgroup of active asteroids for which it is believed that
the sublimation of volatile ices drives observed activity is
known as main-belt comets (MBCs; Hsieh & Jewitt 2006;
Snodgrass et al. 2017). The MBCs could be a key to tracing
the origin and evolution of volatile materials in the asteroid
belt and could help our understanding of the protoplanetary
disk processes and planetary formation. Though their num-
ber has been increasing in recent years, the number of known
MBCs is still modest, and there are even fewer of them which
are well studied. Any new characterisation of MBCs is there-
fore important.

The activity of asteroid 248370 was recently discovered
by Fitzsimmons et al. (2021) in the images collected by
the Asteroid-Terrestrial-Impact Last Alert System (ATLAS;
Tonry et al. 2018a). Following this discovery, Chandler et al.
(2021) analysed the archival data of 248370 and found that
it was active also during its previous perihelion passage in
2016. Based on this recurrent activity Chandler et al. pro-
posed that activity is sublimation-driven, making asteroid
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248370 a main-belt comet. Hsieh et al. (2021) further studied
the object and performed its physical characterisation. The
authors determined various properties of its nucleus, includ-
ing revised V-band absolute magnitude and radius, which are
found to be Hy = 16.32 £ 0.08 mag and 7, = 1.6 = 0.2 km,
respectively. Based on the archival observations when the ob-
ject was inactive, the colours of the nucleus and coma are
consistent with C-type taxonomic classification. Hsieh et al.
also found that activity level is dropping as 248370 moves
away from the perihelion, at about 0.01 mag/day, consistent
with sublimation-driven activity.

This work presents the additional analysis of the active
asteroid (248370) 2005QN173 (cometary designation 433P).
We performed photometric observations of 248370, aiming
primarily to construct its light curve and determine the ro-
tation period, a still missing information to rule out possible
mass shedding due to the fast rotation. We also analysed the
orbital stability of the object and investigated its possible
association with asteroid families.

2 OBSERVATIONS

New observations of 248370 were collected on 2021 October
5/6 from the Astronomical station Vidojevica! (MPC code

I http://vidojevica.aob.rs/
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Table 1. Observation cicrumstences

UT Date 2021 Oct 5/6
Average seeing (FWHM) 2.5 arcsec
Individual exposure times 200 s
Total exposure time (stacked image) 10200 s
Filter R
Heliocentric distance, rp, 2.491 au
Geocentric distance, A 1.518 au
True anomaly, v 41.9 deg
Solar phase angle, « 6.9 deg
Apperant coma magnitude 18.51
Corresponding absolute magnitude in R-band 15.09

C89), using 1.4-m Milankovi¢ telescope. For this purpose, we
used Andor iKon-L 2048 x 2048 pixel CCD camera with a field
of view of 13.3x13.3 arcmin and pixel size of 13.5x13.5 um.
All images were made in standard Johnson-Cousin R-filter,
using 2x2 binning. The object was followed over an interval
spreading over ~5 hours, and 51 images were taken in to-
tal. Additional data on observing circumstances are given in
Table 1.

2.1 Rotational period

The main aim of our observational effort was to construct the
light curve of active asteroid 248370 and determine its rota-
tional period. On the date of our observations, the object was
still active (see Section 2.2), and therefore nucleus obscura-
tion by coma is expected. Such a situation could make an ef-
fort to determine the rotational period to fail, as was the case
in a recent example of asteroid Gault. In the case of the aster-
oid Gault attempts to determine its rotational period while
it was still active failed (e.g. Kleyna et al. 2019; Jewitt et al.
2019; Ivanova et al. 2020). Only once the asteroid became
inactive, its period was successfully obtained (Purdum et al.
2021; Devogele et al. 2021; Carbognani et al. 2021). It sug-
gests that determining the rotation period of 248370 while it
is still active could be challenging. However, probably a key
limiting factor complicating the extraction of the rotational
period of Gault was the small amplitude (Am =~ 0.05 mag) of
its light curve (Luu et al. 2021). An estimation of the bright-
ness variation in the case of 248370 suggests an amplitude
of Am > 0.3 mag (Hsieh et al. 2021), which could permit
a period determination even during an active phase of the
object.

For the rotation period determination, image processing,
measurement, and period analysis were done using proce-
dures incorporated into the MPO Canopus? (version 10.8.6.3;
Warner 2021). The raw images were calibrated with bias,
flats, and darks. The R-magnitudes were calibrated using the
MPOSC3 catalogue®, which converts 2MASS J-K magnitudes

2 In addition to the period analysis done with MPO Canopus,
we also used MATLAB to verify the obtained results additionally.
To this purpose, we apply the fit function for nonlinear fitting.
The option is used to fit the Fourie function to the measurements
performed in MPO Canopus and found practically the same rota-
tion period solution as with the FALC routine embedded in MPO
Canopus.

3 We have also measured the images using as a reference the
ATLAS All-Sky Stellar Reference Catalog (Tonry et al. 2018b).
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to BVRI using formulae developed by Warner (2007). The
Comp Star Selector feature in MPO Canopus was used to
limit the comparison stars to near solar colour. The data on
comparison starts are listed in Table 2, while their positions
in the images are shown in Fig. 1.

The period analysis is performed using the Fourier anal-
ysis algorithm (FALC) developed by Harris et al. (1989). In
particular, the data of apparent magnitude measurements are
fitted using the Fourier series of orders 2 and 4. In both cases,
this yielded very similar results; therefore, we report only the
results obtained using the second-order Fourier series of the
form:

2
mme:Z(AkSiHQﬂ-TJCt+BkCOS27TTf:t), (1)

k=1

where m is the observed apparent magnitude, my is the light
curve midpoint (the average magnitude), ¢ is a time with
respect to the starting time, and Ay and By, are Fourier co-
efficients.

A periodogram of the period analysis with second-order
FALC is shown in Fig. 2. It suggests there are three poten-
tially realistic period solutions, ranging from about 2 to about
4 hours (Table 3). These solutions all have very similar good-
ness of fit, with the longest period of P = 4.1 + 0.1 hours
(solution #3) providing a slightly better fit to the data than
the other two. A period of P = 2.0 &+ 0.1 hours (solution
#1) corresponds to a single-peaked light curve, i.e. domi-
nated by the first harmonics. However, asteroid light curves
are usually dominated by the second harmonic of the rota-
tion period due to the expected elongated shape (Harris et al.
2014), which results in a bimodal light curve. Although non-
elongated shapes or asteroid obliquity close to 90 degrees
(spin axis in the orbit plane) could result in a single-peaked
light curve, this situation is less likely, suggesting that our
period solution #1 is less likely than the other two (see the
ratio of the amplitudes of the harmonics H2/H1 given in
Table 3). It also provides a slightly less good fit to the mea-
surements. For these reasons, we discard solution #1, and
consider solutions #2 and #3.

Solution #2 has a light curve midpoint at 18.51 mag and
an amplitude of 0.24 mag (Fig. 3). A light curve midpoint and
an amplitude for solution #3 are 18.61 mag and 0.54 mag,
respectively (Fig. 4). Due to the object’s activity, the light
curve amplitude is somewhat reduced due to obscuring the
nucleus by a coma (Hsieh et al. 2011). Therefore, we first con-
vert our measurements from R-band to 7’-band magnitudes,
using

r'=R+0.153- (' —i') +0.117, (2)

transformation formula from Jordi et al. (2006), and the
mean 1’ — i’ = 0.1 colour of near-nucleus coma determined
by Hsieh et al. (2021). It yields an apparent magnitude of
m,=18.64 in the r’-band. Combining this result with an ab-
solute magnitude of the nucleus, determined by Hsieh et al.
to be in 7’-band H, = 16.12 mag, allows removing the effect of
coma on the light curve amplitude. After these corrections, we
found that the light curve amplitudes are 0.28 and 0.58 mag

However, as the obtained results were almost identical and in all
cases statistically the same, we kept the values obtained using the
MPOSC3 catalogue.



for period solutions of 2.7+0.1 (#2) and 4.1+0.1 hours (#3),
respectively.

Assuming the asteroid is a triaxial ellipsoid of semiaxes
a > b > ¢, rotating about the ¢ axis, the b/a axis ratio could
be estimated from the relation Am = 2.5log(a/b). Using the
estimated light curve amplitudes, we found a/b = 1.3 and a/b
= 1.7 for the period solutions #2 and #3, respectively.* Both
axis ratios are consistent with typical values found for aster-
oids. Moreover, as 248370 is a member of the Themis family
(see Section 3.2), we note that our results are also consistent
with the findings by Szabé & Kiss (2008): that is, older fam-
ilies, despite generally tending to contain more spherical-like
objects, at larger heliocentric distances tend to have more
elongated members.

The critical rotational breakup period, in seconds, of a
strengthless ellipsoid, is given by Jewitt et al. (2018) as

)y o (3)

Perit = (E Gp’

where b/a is the axial ratio of the ellipsoid, p is the den-
sity of the asteroid, and G=6.674x10"* m3kg~'s~? is the
Newtonian gravitational constant.

Assuming a density of p=1200 kg m ™" is appropriate for C-
type asteroids (Watanabe et al. 2019; Lauretta et al. 2019),
and applying Eq. 3, we estimated Pe,it to be ~3.9 and ~5.1
hr, for the period solutions #2 and #3 respectively. Interest-
ingly, in both cases, period solutions are shorter than their
corresponding critical breakup period, suggesting that rota-
tional instability could play a role in dust ejection.

A larger density would slightly decrease the critical pe-
riods. Also, the obtained values are for strengthless as-
teroids, though we know that asteroids could have some
cohesive strength (Scheeres & Sanchez 2018). For instance,
Zhang et al. (2021) found that cohesion is an essential factor
in the stability of Didymos. Similarly, Fenucci et al. (2021)
found that a small super-fast rotator 2011PT should have a
dust layer at its surface, to explain its small thermal conduc-
tivity. However, dust could be kept at the surface of 2011PT
only with cohesion. Still, even considering these possibilities,
asteroid 248370 rotates fast enough to cause mass sheading.
The rotational instability might not be the only driving mech-
anism for activity, but it likely plays an important role. We
will discuss this further in Section 4.

3

2.2 Activity level

An essential step in determining the cause of the activity of an
active asteroid is monitoring the level of the activity through
time. Here we present the measurement of basic activity pa-
rameters of 248370, such as length of the tail, coma brightness
and A4/A, and Afp parameters. These values have also been
provided by Hsieh et al. (2021), allowing us to compare the
values and analyse the activity level over an extended period.
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Figure 1. Field of view for one of the images of 248730 active
asteroid. The size of the image is 13.3x13.3 arcmin. The target
(T) position and five comparison stars (1-5) used to perform pho-
tometric measurements are denoted. The image is taken from AS
Vidojevica using a 1.4-m Milankovic telescope.

Period Spectrum: 248370
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Figure 2. The period spectrum of 248370 from the 2nd order
FALC algorithm implemented in MPO Canopus. Three period so-
lutions listed in Table 3, correspond to the three deepest local
minima, as indicated in the plot.

2.2.1 Length and orientation of the tail

From a stacked image composed of all images taken, we es-
timated the length and orientation of the tail of the asteroid
248370. The tail projection on the sky extends at least 4
arcmin from the nucleus at a position angle of 247 degrees

4 The axial ratio inferred from the observed light curve amplitude
is generally affected by the viewing geometry (Vokrouhlicky et al.
2017). However, as additional observations are needed to account
for this effect properly, we neglected it in our calculations.
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Table 2. The basic data on five comparison stars (from MPOSC3 catalogue) used by MPO Canopus for photometric measuremnts and
determination of rotational period.

No B A% R I B-V V-R «a 6
1 17.394 16.046 15.320 14.670 1.348 0.726  23:42:56.85 -01:53:55.7
2 17.087 16.071 15.518 15.017 1.016 0.553  23:42:57.75  -01:54:13.3
3 16.331  15.879 15.609 15.337 0.452 0.270 23:43:23.63 -01:56:09.7
4 17.671 16.528 15.911 15.358 1.143 0.617  23:43:17.40 -01:49:04.7
5 17.277 16.505 16.074 15.667 0.772 0.431 23:42:53.04 -01:49:37.2
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Figure 3. The phased light curves of period solution #2, plotted
with MPO Canopus.

(East of North), consistent with the projected direction of the
negative heliocentric velocity vector on the sky (see Fig. 5).
As observations have been done at a geocentric distance of
A=1.518 au, 4 arcmin correspond to a physical extension of
about 264,000 km. This is significantly shorter than about
720,000 km measured by Hsieh et al. (2021). It could be due
to different image depths of the respective stacked images. In
this respect, we recall that the tail characteristics are deter-
mined in this work from 10200 s of total exposure time from
the 1.4-m Milankovic telescope, and Hsieh et al. reports 900 s
of total exposure time from 5.1-m Palomar telescope. Doing
a pure scaling from aperture size, 900 s on the Palomar cor-
responds to 11934 s at the 1.4-m telescope. Given that also
seeing was similar on the two nights, image depth does not
appear to be solely responsible for the change in observed tail

MNRAS 000, 1-9 (2022)

Figure 5. Composite image of 248370 produced by stacking all
the 51 images taken at night on 5/6th October 2021, aligned on
the object’s position. The object’s nucleus is located slightly above
the centre of the image and is indicated by the letter T. The tail
extends down and to the right. The size of the panel is indicated
by the scale bar. North (N), East (E), the antisolar (—®), and the
negative heliocentric velocity direction (—v) are indicated as well.

length. Therefore, the result could point to a reduced level
of activity. Still, we note that observing geometry could also
contribute to this change to some degree, as our observations
have been made at a lower phase angle of a=6.9°, compared
to the observations used by Hsieh et al. which were made on
12 July 2021, at a phase angle of a=23.8°.

We have also checked the expected structure of the tail
using the Finson and Probstein theory (Finson & Probstein
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Figure 6. Parameters of 248370’s activity level as functions of days
after the perihelion passage. Top: r’-band magnitude normalized
to r, = A = 1 au, and a=0°; Middle: ratio of dust to nucleus
cross-sections; Bottom: Afp parameter. Orange circles represent
data from Hsieh et al. (2021), while the black square points are
our measurement. Grey solid lines represent a bezier fit through
the data points, shown as a guide of the activity evolution.

1968) implemented in the comet-toolbox® (Vincent 2014).
The tail geometry for the date of our observations suggests
that particles ejected more than 35 days prior to the ob-
servation date should form a tail aligned with the negative
heliocentric velocity vector, as we observed in our images.
However, particles released less than 35 days before the ob-
servations are expected to produce a tail in the antisolar di-
rection. We note that this is not visible in the images, which
might be due to the low activity level in this period.

The slow decline of activity appears to be consistent with
sublimation-driven activity on an object moving gradually
away from perihelion but inconsistent with activity drivers
like impacts, where mass loss is expected to occur in a rela-
tively impulsive event and likely fade quickly.

2.2.2 Coma brigthness

As discussed in Section 2.1, from photometric measurements,
we found a midpoint of our nominal rotational period solu-
tion #2, which also coincides with the average apparent mag-
nitude of our measurements, is m = 18.51 mag in R-band.
It yields an apparent magnitude of m, = 18.64 in the sdss
r’-band, which assuming G = 0.15 in the IAU H,G magni-
tude system (Bowell et al. 1989), corresponds to an absolute
magnitude of m,(1,1,0) = 15.22 mag.

According to Hsieh et al. (2021), the absolute magnitude
of 248370’s bare nucleus is H, = 16.12 + 0.10 mag. It implies

5 https://www.comet-toolbox.com/FP.html
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that in our data taken on 5/6th October 2021, when the ob-
ject was active, it was about 0.9 mag brighter than expected
for a non-active object.

A useful parameter of the activity level is the ratio Aq/An
of the scattering cross-section of ejected near-nucleus parti-
cles and the undelaying nucleus. It can be obtained from:

1 — 100-40mr (1,1,00=H,]

Ad/An =

100-40my (LLO)—H,] (4)

and we found Ay/A, = 1.3 +0.4.

In Fig. 6, we plot m,(1,1,0) and Aq/A, as functions of
time, along with measurements of the same quantities from
Hsieh et al. (2021). The results for both parameters suggest
clear coma fading, with a rate of 0.006 mag/day, a somewhat
slower than 0.01 mag/day estimated by Hsieh et al..

2.2.3 Afp

The brightness of a cometary coma is proportional to the
dust production rate. To deduce the production rate from
data acquired under different observational circumstances,
the measured brightness must be corrected for all other pa-
rameters on which it depends. A standard approach is to use
the A(w = 0°)fp parameter (A’Hearn et al. 1984). For an
ideal steady-state coma, when the dust production rate and
velocities of ejected particles are constant, the A(aw = 0°)fp
parameter is independent of aperture radius and can deter-
mine the lower limit of the dust production rate (Bauer et al.
2003).

It is defined as the ratio between the effective cross-section
of comet grains in the field of view and the area of that field
itself and can be computed as:

2
Afp _ (QT'hpA) % 100.4[m®—md(rh,A,O)]7 (5)

where A is the geocentric distance in cm, r}, is the heliocentric
distance in au, p is the physical radius in cm of the photom-
etry aperture at the geocentric distance of the comet, and
ma(rn, A, 0) is the phase-angle-normalized to (o = 0°) mag-
nitude of the comet when flux from the nucleus is subtracted.
Finally, me is the Sun’s apparent magnitude for which we
used the r’-band value of mg,» = —27.05.

The value of Afp = 10.8 + 1.0 for our measurement shows
that about 50 days after Hsieh et al.’s last observation, the
activity level has dropped further, consistent with our find-
ing based on the other activity level parameters. Caution is
needed to interpret the results for highly asymmetric comae
and objects in a non-stationary state. In case of outbursts,
or other temporary events that change the activity status of
the comet, the Afp parameter needs to be interpreted with
special care. We also call attention to the fact that the in-
dependence of the Afp parameter on photometry aperture
radius is based on the assumption of spherically symmetric
radial outflow (A’Hearn et al. 1984). It may be quite different
from the distribution of dust ejected wholly or partially due
to an object’s fast rotation. In the latter cases, comparing
Afp values from very different observation epochs and with
very different physical aperture sizes may not be particularly
meaningful.

MNRAS 000, 1-9 (2022)
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Figure 7. A backward orbit evolution of the nominal orbit of
active asteroid 248370 over an interval of 100 Myr. The upper,
middle, and bottom panels show the time-evolution of the semi-
major axis, eccentricity, and inclination, respectively. The horizon-
tal black line in the upper panel marks the location of the center
of the 11:5J resonance.

3 DYNAMICAL CHARACTERISATION
3.1 Long-term dynamical stability

Long-term dynamical stability is a key indicator of whether
an object possibly spent a very long time at its current loca-
tion within the main belt or it needs to be transported from
elsewhere. Orbital stability over an interval comparable to
the age of the solar system or to the age of an associated
asteroid family indicates that an asteroid could be formed in
situ. Significantly shorter ages imply that it was transported
in the past at its current location, not more than the current
stability interval ago.

To investigate the long-term dynamical stability of 248370,
we first propagated its nominal orbit for 100 Myr. The evo-
lution of the orbital elements is shown in Fig. 7. The semi-
major axis’s behaviour suggests that the object is trapped
inside an orbital mean-motion resonance, centred around
3.076 au. Further investigation shows that it is 11:5J mean-
motion resonance (MMR) with Jupiter. The orbital eccen-
tricity and inclination exhibit a diffusion-like evolution (see
Novakovi¢ et al. 2010), caused by the interaction with the
11:5J resonance. These results indicate that asteroid 248370
is dynamically an unstable object.

To further assess its stability, we retrieve the proper or-
bital elements and frequencies (Knezevi¢ & Milani 2000), and
Lyapunov time of asteroid 248370 from the Asteroid Families
Portal (Novakovié¢ et al. 2022, see also Appendix A section in
Vokrouhlicky et al. (2021)). These data are shown in Table 4.
The value of the proper semi-major axis of a, = 3.0764 au
confirms that the asteroid interacts with the 11:5J resonance.
This is also reflected in its Lyapunov time, which is only
Tr = 4.7 kyr, suggesting that the past orbit evolution of the

MNRAS 000, 1-9 (2022)

Table 4. Proper orbital elements: source Asteroid Families Portal

Absolute magnitude, H 15.93

Semi-major axis, ap 3.07604 % 0.00100 [au]
Eccentricity, ep 0.17860 + 0.00321
Inclination, ip 1.25893 £ 0.06118 [deg]
Mean-motion, np 66.71047 + 0.03666 [deg/yr]
Perihelion frequency, g 107.57447 £ 0.32694 [arcsec/yr]
Nodal frequency, s —101.946258 + 1.05180 [arcsec/yr]
Lyapunov time, 77, 4.7 kyr

object is not deterministic beyond some 50 kyr ago, which is
a characteristic of highly unstable orbits.

Therefore, it is unlikely that the object maintains its cur-
rent orbit for a long time. In principle, it might be evolved
recently from some distant parts of the main belt or even
beyond. However, this scenario is not likely, particularly con-
sidering its very low orbital inclination. Instead, we believe
that 248370 entered the 11:5J MMR relatively recently, from
a nearby region.

We used the orbital and Yarkovsky clones to investi-
gate the dynamical stability further and possible scenarios
of asteroid 248370 past orbit evolution. For this purpose,
we made 500 clones, and their orbits are propagated for
200 Myr using a version of OrbFit® software package ex-
tended by Fenucci & Novakovié (2022) by implementing non-
gravitational effects. The dynamical model includes the grav-
itational effects of the Sun and seven major planets (from
Venus to Neptune) as well as non-gravitational forces. The
effect of Mercury is taken into account indirectly by applying
a barycentric correction to the initial conditions. The clones
are treated as massless particles.

The orbit clones are drawn from the multivariate normal
distribution, defined by the orbital covariance matrix (e.g.
Moreno et al. 2017). The nominal osculating orbital elements
and their corresponding uncertainties are taken from the
JPL Small-Body Database Lookup.

To each orbit clone, we associated parameters rel-
evant for the computation of the Yarkovsky and
Yarkovsky—O’Keefe-Radzievskii-Paddack (YORP) effects.
Based on 248370’s colour indices derived by Hsieh et al.
(2021), for density and thermal conductivity, we assumed
characteristics appropriate for C-type asteroids. Therefore,
we picked up these values from normal distributions with
mean and standard deviations of 1190 4+ 100 kg m™2,
0.015 £+ 0.005 W m~! K™, respectively, according to recent
findings for asteroids Bennu and Ryugu (Watanabe et al.
2019; Rozitis et al. 2020; Shimaki et al. 2020). Diameters
are drawn from a normal distribution with a mean and
standard deviation of 3200 + 400 m, as found for the size
of asteroid 248370 by Hsieh et al. (2021). Rotation periods
are also chosen from a normal distribution, but allowing
two possible solutions that we found in Section 2.1. Finally,
obliquities 7y are chosen randomly between 0 and 180 degrees.
Additionally, heat capacity is fixed to C' = 600 J kg~* K™,
based on the measurements for the CI chondrite meteorites
(Piqueux et al. 2021). The other model parameters defining
the strength of the YORP effect are set to default values as
given in Fenucci & Novakovi¢ (2022).

6 Freely available at https://github.com/Fenu24/0rbFit
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Figure 8. The evolution of 500 test particles inside the 11:5J
mean-motion resonance with Jupiter. The test particles represent
orbital and yarko clones of asteroid 248370. Upper panel: The or-
bital evolution of the test particles over a 200 Myr interval in
the semi-major axis vs eccentricity plane. Different colours rep-
resent different test particles. Middle panel: The same as in the
upper panel, but in the semi-major axis vs inclination plane Bot-
tom panel: The black points show the number of surviving test
particles inside the resonance as a function of time. After an ini-
tialisation interval, needed to fill the resonant region with parti-
cles, the resonant population shows an approzrimately exponential
decay in time. The orange curve is fit to the data with the function
of the form f(z) = m - exp(—z/t), from which we estimated the
dynamical half-life of the population to be T ~ 45 Muyr.

The results of the orbital evolution of the clones are shown
in Fig. 8. Under the combined influence of chaotic dynam-
ics and non-gravitational effects, the clones are scattered
through the main belt, and some of them even beyond. An
interesting scenario to note here is that many particles jump
from the 11:5J resonance to other nearby mean-motion reso-
nances. This happens because chaotic diffusion increases or-
bital eccentricity to the point when these resonances start
to overlap, allowing an easy switch from resonance to reso-
nance. It implies that an object can survive inside the 11:5J
resonance for a relatively limited time. Specifically, from our
simulations, we found that the dynamical half-life of the res-
onant population is 7 ~ 45 Myr.

The 11:5J resonance crosses the Themis family, to
which 248370 likely also belongs (see Section 3.2 and
(Novakovi¢ et al. 2022)). In this respect, Hsieh et al. (2020)
found that many former Themis family members that stayed
inside the main belt escaped from the family via the 11:5J
resonance. Furthermore, the authors found that some of those
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escaped objects could evolve onto Jupiter-family comets like
orbits.

These facts collectively imply that asteroid 248370 is not
native to the 11:5J resonance, supporting our hypothesis that
it arrived there from a nearby region at some point in the
past. In principle, 248370 could either be transported to the
resonance by the Yarkovsky effect-induced semi-major axis
drift or directly injected inside the resonance by a catas-
trophic disruption of a member of the Themis family. In the
first case, the more likely scenario is that 248370 reached
the resonance by drifting inwards because many more family
members are located outer to the resonance than inside. For
such a scenario, retrograde spin is required, which, assum-
ing the YORP effect did not have enough time to reorient
the spin axis, could be observationally tested. To the second
scenario, we will come back in Section 3.2.

3.2 Association to asteroid families

Many active asteroids are associated with asteroid families,
with their subpopulation of main-belt comets being linked to
dark carbonaceous groups (Hsieh et al. 2018). Links to fam-
ilies are not relevant only for the water-ice sublimation but
also for the constraints on the YORP-cycle timescale relevant
for potentially fast-spinning asteroids that shed the mass. For
these reasons, we investigated if 248370 is associated with an
asteroid family or not.

The standard approach for classifying asteroids into fami-
lies is the Hierarchical Clustering Method (HCM) proposed
by Zappala et al. (1990). Using the catalogue of proper ele-
ments for main-belt asteroids available at the Asteroid Fam-
ilies Portal, we applied the HCM with active asteroid 248370
as a central body (see Radovié et al. 2017, for details on this
approach). 248370 belongs to the family at a nominal cut-off
distance of 55 m s™'. The result suggests that 248370 is a
member of the Themis family, which is about 3.3 Gyr old
(Novakovi¢ et al. 2022).

In order to further test the robustness of our findings, fol-
lowing an approach used by Novakovié¢ (2018), we computed
the proper elements for the 100 orbital clones generated in
Section 3.1 and applied the HCM to this set of the elements
on a case by case basis. For the same cut-off distance of
55 m s ', only 16 out of 100 cloned orbits are dynamically
associated with the Themis family. Increasing the cut-off dis-
tance to 60 and 65 m s~ ! increases the number of associ-
ated clones to 27 and 46, respectively. Though a fraction of
the associated clones could seem low, this is expected for
highly unstable orbits located at the outskirt of the family
(see Fig. 9). In addition to that, as the procedure to com-
pute synthetic proper elements includes the numerical orbit
propagation (Knezevié 2017; Vokrouhlicky et al. 2021), this
step increased the orbital eccentricity for the vast majority
of the clones, making them less recognizable as the family
members. Therefore, though dynamically, 248370 could only
marginally be linked to the family, we concluded that it very
likely originates in the Themis family.

A possible link to the 288P cluster?

Asteroid 248370 is in the orbital space close to a young
sub-family of the Themis family, namely the 288P (aka

MNRAS 000, 1-9 (2022)
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Figure 9. The semi-major axis vs eccentricity plane projection
of the Themis family neighbourhood. Grey dots show background
asteroids, while orange circles represent Themis family members.
Locations of four main-belt comets belonging to the family are
shown as blue triangles. Green-shadowed ellipse approximates the
initial dispersion of kilometre-sized members of the 288P cluster,
and the light-blue area mark width of the 11:5J resonance. The red-
shadowed regions on each side of the resonance mark the maximum
expected drift in the semi-major axis, due to the Yarkovsky effect,
of the asteroid 248370 over 100 Myr.

P/2006VWi39) cluster of asteroids. The namesake main-belt
comet is associated with this about 7.5 Myr old cluster
(Novakovié et al. 2012). Given its comet-like behaviour and
proximity in the orbital space, 248370 could be potentially
somehow related to the 288P main-belt comet and its asso-
ciated namesake cluster. In the following steps, we examined
this possibility.”

How compatible is the location of 248370 with ils possi-
ble origin in the 288P cluster? The barycenter of the clus-
ter in the proper elements space is located at a,=3.0548 au,
ep=0.1644 and i,=2.47 degrees (Novakovié¢ et al. 2012). In
terms of the orbital eccentricity and inclination, with re-
spect to the centre of the cluster, the object has an offset
of 0.0142 and 1.21 degrees, respectively. These differences
could well be consequences of the chaotic diffusion inside the
11:5J resonance. An illustrative example is the evolution of
248370’s nominal orbit shown in Fig. 7. Looking at the pos-
sible changes in the eccentricity and inclination throughout
10 Myr, we note that they could go up to 0.05 and 1.2 degrees,
respectively.

The offset in the proper orbital semi-major axis deserves
a more in-depth analysis. A currently observed distance of
248370 from the centre of the 288P cluster is 0.03024 au.
Since the object is inside the mean-motion resonance, its dis-
tance from the cluster is less relevant. Instead, the distance

7 For families younger than about 10 Myr, the backward inte-
gration method (BIM; Nesvorny et al. 2002) is an efficient tool
to determine their ages, as well as to identify their members
(Novakovi¢ et al. 2012). In combination with the classical HCM
approach, the BIM could also be very efficient in helping iden-
tify new families and their members (Novakovi¢ & Radovi¢ 2019).
Unfortunately, the BIM cannot be applied due to the dynamical
instability of 248370’s orbit.
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between the nearer edge of the resonance and the cluster’s
centre should be considered. With the inner edge of the 11:5J
resonance being at about 3.068 au, this distance is about
0.0132 au. If 248370 originates in the 288P cluster, this dis-
tance should result from the combined effects of the original
impact ejection velocity and the Yarkovsky effect. The maxi-
mum Yarkovsky drift for 248370’s size over 7.5 Myr (the esti-
mated age of the 288P cluster) should not exceed ~ 10™% au.
Therefore, to be compatible with an origin in the impact
event forming the 288P cluster, 248370 needs to be ejected
0.011 au from the group’s centre.® This requires an ejection
velocity of about 50 m s~ !,

How realistic is this ejection velocity in the case of the 288P
cluster? According to Jutzi et al. (2010), the median collision
ejection velocity < V; > scales proportionally to the size of
the target. As the parent body of the 288P family was 15-
20 km in diameter (Novakovi¢ et al. 2012), this velocity? is
expected to be about < Vi; >=50 m s™' (see Fig. 18 in
Jutzi et al. 2010). It is exactly the required velocity for a
fragment launched from the 288P cluster’s parent body to
reach the edge of the 11:5J resonance, implying that 248370
could also be associated with the 288P cluster.

4 SUMMARY, DISCUSSIONS AND
CONCLUSIONS

From the photometric observations, we constructed the light
curve of the active asteroid 248370 and found two plau-
sible rotation period solutions. These are 2.7 + 0.1 and
4.1 £ 0.1 hours. In both cases, the rotation period is shorter
than a rotationally-induced mass loss limit, computed for a
strengthless ellipsoid. On the other hand, we also found that
activity declines consistently with a sublimation-driven ac-
tivity. It is a hint that both mechanisms, rotational mass
shedding and water-ice sublimation, may contribute to the
observed activity.

As already discussed by Hsieh et al. (2021), a fast rotation
or an elongated shape could reduce the effective gravity felt
by dust particles at specific locations on the nucleus surface,
allowing them to escape easier. This could lead to a hybrid
hypothesis proposed by Jewitt et al. (2014) to explain the
activity of the 133P/Elst-Pizarro main-belt comet. In such
a scenario, dust launched from the surface by slow gas flow
due to sublimating water ice, escapes from the nucleus grav-
ity at possibly sub-escape speeds, assisted by the centripetal
acceleration from fast nucleus rotation. Even if the object’s
rotation period is not strictly shorter than the formally de-
rived critical disruption limit, fast rotation can still lower the
effective escape velocity of ejected particles. This could allow
those that would otherwise be too slow to escape the nucleus’s
gravity to be successfully ejected into space instead.

From the dynamical analysis, we found that 248370 is an
unstable object, locked inside the 11:5J MMR. Next, we as-
sociated it with the Themis family, which is already known
as a repository of main-belt comets. More importantly, we

8 Note that in Fig. 9 the range of possible Yarkovsky induced
drift in the semi-major axis is, for illustration purposes, shown for
a longer interval of 100 Myr.

9 Estimated for an impact velocity of 3 km s~ and an impact
angle of 45 degrees.



also found that dynamical arguments and characteristics are
consistent with 248370’s origin in a young 288P cluster, a
sub-family of the Themis family.

A potential association of 248370 to the 288P cluster is
exciting. It suggests possible similarities with 288P comet,
which is the only known binary main-belt comet, consisting
of two approximately equal size components (Agarwal et al.
2017).

The observations provide strong support for sublimation
as the activity driver in 288P comet. Agarwal et al. (2020)
favour a scenario of formation and evolution where the 288P
binary system formed by rotational splitting following YORP
spin-up, and where the activation happened independently
of the splitting. Altogether, these findings raised a question
about a possible interplay between the binarity, rotational
destabilization and sublimation in MBCs (see discussion in
Novakovic¢ et al. 2022).

Supposing that before the splitting, 288P was about 2-3 km
in size, it was only slightly smaller than 248370, whose diame-
ter is between 2.8 and 3.6 km (Hsieh et al. 2021). Being active
and associated with the 288P cluster and the Themis family,
284370 bears many similarities with 288P main-belt comet.
Our findings imply that 248370 rotates close to the rota-
tional disruption limit, and that it is a relatively elongated ob-
ject. Therefore, its activity could involve multiple contribut-
ing driving mechanisms, including sublimation and rotational
destabilization. All these facts make 248370 a high-priority
object for future studies, as it could provide extremely valu-
able information to understand better the interplay between
the various activity mechanisms in MBCs.
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