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Abstract

We report statistically significant detections of nonradial, nongravitational accelerations based on astrometric data
in the photometrically inactive objects 1998 KY 4, 2005 VL, 2016 NJ33, 2010 VLgs, 2016 RH;5o, and 2010 RF5,.
The magnitudes of the nongravitational accelerations are greater than those typically induced by the Yarkovsky
effect, and there is no radiation-based, nonradial effect that can be so large. Therefore, we hypothesize that the
accelerations are driven by outgassing and calculate implied H,O production rates for each object. We attempt to
reconcile outgassing-induced acceleration with the lack of visible comae or photometric activity via the absence of
surface dust and low levels of gas production. Although these objects are small, and some are rapidly rotating, the
surface cohesive forces are stronger than the rotational forces, and rapid rotation alone cannot explain the lack of
surface debris. It is possible that surface dust was removed previously, perhaps via outgassing activity that
increased the rotation rates to their present-day value. We calculate dust production rates of order ~10~* g s~'in
each object, assuming that the nuclei are bare, within the upper limits of dust production from a sample stacked
image of 1998 KY, of Mpy < 02 g s~!. This production corresponds to brightness variations of order
~0.0025%, which are undetectable in extant photometric data. We assess the future observability of each of these
targets and find that the orbit of 1998 KY,s—which is also the target of the extended Hayabusa2 mission—exhibits
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favorable viewing geometry before 2025.

Unified Astronomy Thesaurus concepts: Comae (271); Asteroids (72)

1. Introduction

A typical—albeit simplistic—classification of solar system
small bodies is to categorize the populations based on volatile-
driven activity. In this classical picture, comets are defined as
icy objects that produce dusty comae and presumably formed
in distant regions of the solar system, while asteroids lack
volatiles due to prolonged exposure to solar irradiation.
However, recent advances have demonstrated that this
simplistic classification may not be an accurate depiction of
the census of small bodies within the solar system. A subset of
objects on cometary orbits lack detectable activity, while some
asteroids have displayed volatile-induced comae. These intri-
guing continuum objects could offer insights into little-
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understood processes such as cometary fading (Brasser &
Wang 2015) and volatile delivery to terrestrial planets
(Chyba 1990; Owen & Bar-Nun 1995; Albarede 2009).

It is generally thought that asteroids can be grouped
into classes based on their sizes. The typical timescale for an
~10 km scale asteroid to experience a catastrophic impact is
approximately the age of the solar system (Bottke et al.
2005, 2015). It is therefore believed that asteroids larger than
~10 km are intact primordial remnants, while smaller objects
with diameters between 200 m and ~10 km are reaccumulated
rubble piles held together by self-gravity (Harris 1979; Harris
& Burns 1979; Harris 1996; Walsh 2018). As evidence, the
~17 km equivalent diameter asteroid Eros visited by NEAR-
Shoemaker displayed geologic properties consistent with being
a damaged but intact primordial remnant (Cheng et al. 2002).
Notable examples of extremely porous rubble-pile asteroids
are (25143) TItokawa (Fujiwara et al. 2006), (162173)
Ryugu (Watanabe et al. 2019), and (101955) Bennu (Barnouin
et al. 2019).
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A subset of asteroids are known to exhibit activity, also
called active asteroids (Jewitt 2012; Hsieh 2017; Jewitt &
Hsieh 2022). Almost all active asteroids known to date have
diameters consistent with being rubble piles, with the exception
of the large objects (1) Ceres and (493) Griseldis. A subset of
active asteroids are the main-belt comets (MBCs), objects that
reside in the main asteroid belt between Mars and Jupiter and
display cometary activity driven by the sublimation of volatiles
(Hsieh & Jewitt 2006). The first MBC discovered was comet
133P/(7968) Elst-Pizarro (Boehnhardt et al. 1996; Elst et al.
1996; Toth 2000; Hsieh et al. 2004), and several others have
since been identified: 238P/Read, 259P/Garradd, 288P/
(300163) 2006 VW139, 313P/Gibbs, 324P/La Sagra, 358P/
PANSTARRS, 107P/(4015) Wilson-Harrington, and 433P/
(248370) 2005 QN173 (for images, see Figure 13 in Jewitt &
Hsieh 2022).

Targeted, homogeneous searches for MBCs imply occur-
rence rates for these objects within the total population
between <1/500 and ~1/300 (Bertini 2011; Sonnett et al.
2011; Snodgrass et al. 2017; Ferellec et al. 2022).
Indirect measurements of activity can come from aniso-
tropic mass loss—driven nongravitational accelerations
(Whipple 1950, 1951). For example, Hui & Jewitt (2017)
reported statistically significant nongravitational accelera-
tions in the active asteroids 313P/Gibbs, 324P/La Sagra,
and (3200) Phaethon.

Nonsublimation effects such as impacts (Snodgrass et al.
2010) and rotational effects (Jewitt et al. 2014) can also cause
activity in asteroids. The ~6 km object (3200) Phaethon was
first determined to be active when its association with the
Geminid meteoroid stream was identified (Gustafson 1989;
Williams & Wu 1993). Subsequent observations of (3200)
Phaethon near its perihelion revealed a small tail with micron-
sized dust production rates of ~3kg s~ ' (Jewitt & Li 2010;
Jewitt et al. 2013; Li & Jewitt 2013; Hui & Li 2017). Because
these production rates are not large enough to explain the
meteoroid stream, it has been suggested that processes such as
repeated thermally induced stresses (Jewitt & Li 2010),
sublimation of mineralogically bound sodium (Masiero et al.
2021), rotational effects (Ansdell et al. 2014; Nakano &
Hirabayashi 2020), and geometric effects (Hanu§ et al. 2016;
Taylor et al. 2019) also contribute to the activity of (3200)
Phaethon. The Japan Aerospace Exploration Agency DES-
TINY+ mission will visit (3200) Phaethon and is expected to
launch in 2024 (Arai et al. 2021). DESTINY + will be equipped
with a mass spectrometer that will detect elemental composi-
tions of dust released by the object (Kriiger et al. 2019).

Object (101955) Bennu is another intriguing case of an
active asteroid. The OSIRIS-REx spacecraft observed repeated
periods of particle ejection from the ~500m rubble pile
(Hergenrother et al. 2019; Lauretta et al. 2019). The average
mass-loss rate of dust was measured to be only Mpyg ~ 1074 g
s~! (Hergenrother et al. 2020), but the source of the activity is
unclear (Bottke et al. 2020; Chesley et al. 2020; Molaro et al.
2020).

A somewhat related but distinct family of minor bodies are
the inactive comets. For example, Manx comets are objects
with long-period comet (LPC) trajectories that exhibit little or
no cometary activity. The Manx comet C/2014 S3 (PAN-
STARRS) displayed levels of cometary activity that were 5-6
orders of magnitude less than typical comets and spectral
features similar to S-type asteroids (Meech et al. 2016). The
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origin of the Manx comets is unclear because Jupiter scatters
objects within the H,O snowline primarily into the interstellar
medium and not into the Oort cloud (Hahn & Malhotra 1999;
Shannon et al. 2015). Other inactive comets are Damocloids
(named after the first object, (5335) Damocles; Asher et al.
1994; Jewitt 2005) and asteroids on cometary orbits (ACOs),
defined as inactive objects on Halley-type or Jupiter-family
comet (JFC) orbits, respectively. Damocloids and ACOs are
believed to be comets that have little or no activity due to
cometary fading (Wang & Brasser 2014; Brasser &
Wang 2015) or the depletion of volatiles or mantling (Podolak
& Herman 1985; Prialnik & Bar-Nun 1988). The observed
spectral features and surface colors of Damocloids and ACOs
indicate that they are likely extinct or dormant comets
(Jewitt 2005; Licandro et al. 2018).

The recently discovered population of interstellar objects
also appears to exhibit a continuum of apparent activity. The
first interstellar object, 1I/‘Oumuamua, was detected on UT
2017 October 19 (Williams et al. 2017) and exhibited a mixture
of cometary and asteroidal properties. On the other hand, the
0.2-0.5 km radius scale (Jewitt et al. 2020) 2I/Borisov
displayed a visible cometary tail (Jewitt & Luu 2019; Bodewits
et al. 2020; Cremonese et al. 2020; Guzik et al. 2020; Hui et al.
2020; Kim et al. 2020; Yang et al. 2021). The ~120 m diameter
1I/‘Oumuamua displayed an extreme light-curve amplitude
(Knight et al. 2017; Belton et al. 2018; Bolin et al. 2018;
Drahus et al. 2018; Fraser et al. 2018; McNeill et al. 2018;
Mashchenko 2019), reddened color (Bannister et al. 2017,
Masiero 2017; Ye et al. 2017; Fitzsimmons et al. 2018), and
incoming trajectory consistent with the local standard of rest
(Gaidos et al. 2017; Mamajek 2017; Almeida-Fernandes &
Rocha-Pinto 2018; Feng & Jones 2018; Hallatt & Wie-
gert 2020; Hsieh et al. 2021a). Of particular interest and
relevance to this paper, ‘Oumuamua exhibited no evidence for
an extended dust coma in deep stacked composite images
(Jewitt et al. 2017; Meech et al. 2017). Moreover, it exhibited
no obvious infrared fluorescence of carbon-based outgassing
species (e.g., CO or CO,) based on observations obtained with
the Spitzer Space Telescope (Trilling et al. 2018). However, the
trajectory of the object was affected by a significant
nongravitational acceleration (Micheli et al. 2018). Micheli
et al. (2018) argued that the most likely cause of this
acceleration—which was primarily in the radial direction
opposite the direction of the Sun—was cometary outgassing.
The physical properties of the first two interstellar interlopers
are readily summarized; see Jewitt & Seligman (2022) and
Moro-Martin (2022) for recent reviews.

Recently, Farnocchia et al. (2023) presented observations
that revealed that the object 2003 RM exhibited a significant
transverse nongravitational acceleration incompatible with the
Yarkovsky effect. However, this object, like ‘Oumuamua,
lacked cometary activity clearly visible in photometric images.
They found that outgassing can cause the acceleration and still
escape photometric detection. In this paper, we report the
identification of similar nongravitational accelerations in five
other small bodies on asteroid orbits.

2. Detections of Nongravitational Acceleration
2.1. Possible Nongravitational Perturbations on Small Bodies

The trajectories of small bodies are typically estimated from
observational data sets, primarily optical astrometry and
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Figure 1. Nongravitational accelerations measured in asteroids vs. their
absolute magnitude H. Measured radial nongravitational accelerations A; are
due to solar radiation pressure (pink), and transverse accelerations A, are due to
the Yarkovsky effect (blue). The out-of-plane nongravitational accelerations A3
measured in the objects presented in this paper are shown by orange diamonds.
The blue and pink dashed lines show the lines of best fit, assuming that the
acceleration is proportional to the inverse of the nuclear size and computed
using the relationship in Equation (2), assuming an albedo of p = 0.1. The log-
scaled intercepts are —15.858 for the radiation pressure and —17.440 for the
Yarkovsky effect. The dark comet candidates with anomalous A, values, 2003
RM and 2006 RH,, are shown by purple diamonds.

sometimes radar delay and Doppler measurements. As the
observational arcs extend in time and the accuracy of the data
improves, the resulting orbits become better constrained.
Therefore, the requirements on the fidelity of the force model
to compute the orbit become more stringent.

It has long been established that the motion of comets can be
significantly perturbed by nongravitational accelerations due to
outgassing, in addition to typical gravitational forces. Marsden
et al. (1973) introduced a parametric model, where the
nongravitational acceleration is described as

ang = (AiF + Ayt + Ash) g(r). (1)

In Equation (1), 7, £, and 7 are the orbital radial, transverse, and
out-of-plane directions; g(r) is a function based on the H,O
sublimation profile capturing the dependence on the helio-
centric distance r; and A, A,, and As are free parameters that
give the acceleration components that the comet would
experience at a heliocentric distance of r =1 au.

For asteroids, the two main nongravitational perturbations
are the Yarkovsky effect (Vokrouhlicky et al. 2015) and solar
radiation pressure (Vokrouhlicky & Milani 2000). By setting
gr=(lau/ r)?, these two perturbations can be modeled as
purely transverse A,g(r) and purely radial A,g(r) accelerations
using the Marsden et al. (1973) formalism (e.g., Farnocchia
et al. 2015). Despite being smaller than those on comets, these
two perturbations can cause detectable deviations from a
gravity-only trajectory for sufficiently long observational data
arcs. In particular, the Yarkovsky effect has been detected on
more than 200 near-Earth asteroids (e.g., Greenberg et al.
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2020), shown by blue points in Figure 1. Solar radiation
pressure is a radial acceleration and therefore less effective at
producing significant orbital deviations. As such, it has been
measured only on a handful of small asteroids (MPEC 2008-
D12;' Micheli et al. 2012, 2013; Mommert et al
2014a, 2014b; Micheli et al. 2014; Farnocchia et al. 2017;
Fedorets et al. 2020), shown by pink points in Figure 1. As a
testament to the fidelity of the modeling of the force model for
asteroids, including these nongravitational forces, Farnocchia
et al. (2021) were able to reconstruct the trajectory of asteroid
(101955) Bennu by matching ground-based optical and radar
astrometry from 1999 to 2018, as well as meter-level ranging
measurements from the OSIRIS-REx mission proximity
operations from 2019 January to 2020 October.

2.2. Asteroids with Excess Nongravitational Acceleration

In the accompanying paper (Farnocchia et al. 2023), we
report the detection of an anomalously large nongravitational
acceleration in the object 2003 RM. In that paper, we conclude
that outgassing could have caused the acceleration of 2003 RM
while not producing a detectable signature in photometric data.
Further, Chesley et al. (2016) reported that the object 2006
RH120, which was temporarily captured by the Earth for about
a year starting in 2006 June (Granvik et al. 2012), exhibited a
transverse nongravitational acceleration that was inconsistent
with the typical forces observed acting on asteroids. In this
paper, we report the detection of out-of-plane nongravitational
accelerations in a sample of five other objects that we measured
from a combination of serendipitous (and uncoordinated)
astrometric observations, 1998 KY,s, 2005 VL, 2016 NJs;,
2010 VLgs, and 2010 RF;,, all identified as point-source
asteroidal objects with no extended dust coma or evidence for
outgassing. We also detect significant out-of-plane perturba-
tions for 2006 RH;,o. There have been no reports of clear
detection of cometary activity for any of these small objects to
the Minor Planet Center to date, and they are all classified as
asteroids.

In 2020 December, we observed asteroid 1998 KY,s—a
potential Yarkovsky detection candidate (Vokrouhlicky et al.
2000) and the target of the Hayabusa2 extended mission
(Hirabayashi et al. 2021)—with the Very Large Telescope
(VLT; MPEC 2020-X181)"” with the purpose of improving the
measurement of the orbit. At the same time, we also submitted
two previously unreported observations from Maunakea in
2002 to the Minor Planet Center. While the Yarkovsky effect
was included in the fit and detected, the VLT observations
showed a —0”2 bias in decl. that was larger than the
astrometric uncertainties. The bias was confirmed in additional
observations from La Palma (MPEC 2021-A42)'® and
Maunakea (MPEC 2021-G127)." To ensure that the cause of
this bias was not problematic data during the discovery
apparition in 1998, we remeasured observations from the
Modra Astronomical and Geophysical Observatory and
Ondiejov, which, together with radar (Ostro et al. 1999), were
the only observations from 1998 we included in the fit. Despite
our data set revision, the bias still persisted. Adding solar
radiation pressure through the A; parameter was unfruitful, but

16 https: //www.minorplanetcenter.net/mpec/K08 /K08D12.html
'7 https:/ /www.minorplanetcenter.net/mpec/K20,/K20X11 html

'8 hitps: //www.minorplanetcenter.net/mpec/K21/K21A42.html
19 https: //www.minorplanetcenter.net/mpec/K21/K21GC7.html
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adding an out-of-plane acceleration A3(1 au/r)2 removed the
bias in the 2020 data.

Subsequently, we observed 2005 VL, in 2021 (MPEC 2021-
X95)*° and 2016 NJ33 in 2022 (MPECs 2022-N88 and 2022-
009)*'?* as Yarkovsky candidates. These observations were
obtained with the 4.3m Lowell Discovery Telescope in
Arizona. Again, the collected data revealed a bias that could
only be removed by adding an out-of-plane acceleration.

Another case arose when we noticed the similarity between
the orbits of 2010 VLes> and 2021 UA12.** The objects can
be readily linked by fitting both data sets together, but only if
Aj is estimated as part of the fit.

The last case is 2010 RF,,, which we observed in 2022 from
Maunakea with the Canada—France-Hawaii Telescope and
from Cerro Paranal with the VLT with the purpose of ruling out
impact solutions detected by impact monitoring systems such
as Sentry>> and ESA’s own system.’® The observations we
collected, in combination with an archival Maunakea set of
images from 2011 taken with the Subaru Telescope (MPEC
2022-S77),”” once again revealed a bias that could only be
removed by estimating A; while fitting the data.

Given these results, we decided to review the fit for 2006
RHj,9 and found that in that case, there is also significant
detection of an out-of-plane acceleration in addition to the
radial and transverse ones.

In Table 1, we list each component, A;, A,, and A3, of the
best-fit nongravitational accelerations and their associated
uncertainties. In order to avoid underestimating the uncertainty
in the A;, A,, and A3 parameters, we estimate all three
parameters even when some of them (especially A;) are not
significantly detected. For each of these fits, we adopt
gn= au/r)2. As examples, we show the R.A. and decl.
residuals of the astrometric fits with and without nongravita-
tional accelerations for 2010 VLgs and 2005 VL, in Figure 2.
The improvement in the fit is evident from the figure. For VLgs,
the gravity-only fit results in residuals as large as 10”. For 2005
VL,, it is clear how the bias in 2021 (but also systematic errors
in 2005) is removed by adding nongravitational accelerations.

In Figure 1, we show the best-fit A, and A; parameters for
the nonradial, nongravitational acceleration for each object. We
compare the estimated A, and A5 to the measured nongravita-
tional accelerations in asteroids. We show both A;, which is
related to solar radiation pressure, and A,, which is related to
the Yarkovsky effect. Computed fits of the acceleration, being
inversely proportional to the nuclear radius computed using
Equation (2), are shown. There is a linear correlation between
log|A;| and H (blue dashed line), as is expected from the
Yarkovsky relation (Vokrouhlicky et al. 2015). The scatter
around the mean is presumably due to different albedo, density,
obliquity, or surface thermal inertia values. As a rule of thumb,
log|A,| versus H (pink dashed line) again shows a linear trend
with the same slope but an approximately order-of-magnitude
larger normalization (Vokrouhlicky & Milani 2000). The
nonradial component of the detected accelerations appears to

20 hittps:/ /www.minorplanetcenter.net/mpec/K21/K21X95 html

2! hitps: //www.minorplanetcenter.net/mpec/K22/K22N88.html

2 https: //www.minorplanetcenter.net/mpec/K22 /K22009.html

2 htps: //ssd.jpl.nasa.gov/tools/sbdb_lookup.html# /?sstr=2010v165
2 https://ssd.jpl.nasa.gov/tools /sbdb_lookup.html# /?sstr=2021ual2
2 https://cneos.jpl.nasa.gov /sentry /

26 https:/ /neo.ssa.esa.int/risk-list

z https: //www.minorplanetcenter.net/mpec /K22 /K22S77.html
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be more consistent with the extrapolation of the A; values.
However, solar radiation pressure is mostly radial, and only a
minor fraction would project in the out-of-plane direction
(Vokrouhlicky & Milani 2000). Specifically, Vokrouhlicky &
Milani (2000) demonstrated that small off-radial components of
nongravitational accelerations could emerge from radiation
pressure because of variable albedo or nonspherical shapes.
This suggests that these accelerations are inconsistent with
radiation effects.

Based on this analysis, we conclude that there are significant
out-of-plane accelerations for all of these objects. If the out-of-
plane accelerations in these objects are in fact caused by
outgassing, it is possible that these are manifestations of nearly
polar jets with spin axes orthogonal to the orbit plane.

The radial A; values are all consistent with zero acceleration,
with the possible exception of 2016 NJ33. Moreover, the A,
values are much smaller in magnitude than the A3 values and
generally consistent with the Yarkovsky effect. In the case of
2003 RM and 2006 RH120, the A, values are anomalously
high and presumably due to outgassing (Chesley et al. 2016).
Therefore, in the rest of the paper, we focus on A3 only. We
note, however, that if high-latitude jets are in fact causing the
nongravitational accelerations, this would be somewhat distinct
from typical comets that exhibit outgassing events isotropically
over their surfaces. Moreover, incident stellar irradiation and
subsequent surface temperature variations should not only
affect the out-of-plane acceleration. This analysis could be
generalized to larger accelerations if A; were to be statistically
detected with longer data arcs.

Table 1 summarizes the observed orbital properties, absolute
magnitudes, and rotational periods (where measured) for each
of these objects. We use the following equation (Pravec &
Harris 2007) to estimate the sizes for all objects except 1998
KY26, 2003 RM, and 2006 RH]Z():

where H is the absolute magnitude, p is the geometric albedo,
and Ry is the radius in kilometers. In Table 1, we assume
p = 0.1 to estimate the size of objects where this value has not
been previously measured. The trajectories of the objects are
unremarkable. In Figure 3, we show the location of these
candidate “dark comets,” as well as the location of all of the
currently known active asteroids, whose properties are listed in
Table 3.

2.3. Lack of Cometary Activity Detection

None of the objects studied in this paper have reported
cometary activity. Out of all of our candidate targets, 1998
KY,¢ was the only one for which we had meaningful data that
could provide limits on the dust production. The 1998 KY
images were obtained using Unit Telescope 1 of the ESO VLT
on Mount Paranal, Chile, with FORS2 (Appenzeller et al.
1998). The instrument was used without a filter (white light) in
order to reach the deepest possible limiting magnitude on
asteroids and dust. FORS2 was equipped with a mosaic of two
MIT/LL CCD detectors, of which only the main chip, A, or
CCID20-14-5-3, was used. The CCD was read with 2 x 2
binning, resulting in 07252 on sky. The debiased and flat-
fielded images were aligned on the position of the target. In
Figure 4, we show a stack of the images from 2020 December


https://www.minorplanetcenter.net/mpec/K21/K21X95.html
https://www.minorplanetcenter.net/mpec/K22/K22N88.html
https://www.minorplanetcenter.net/mpec/K22/K22O09.html
https://ssd.jpl.nasa.gov/tools/sbdb_lookup.html#/?sstr=2010vl65
https://ssd.jpl.nasa.gov/tools/sbdb_lookup.html#/?sstr=2021ua12
https://cneos.jpl.nasa.gov/sentry/
https://neo.ssa.esa.int/risk-list
https://www.minorplanetcenter.net/mpec/K22/K22S77.html

Table 1
Objects with Anomalous Nongravitational Accelerations
Object a e i q H Rue Prot A Signif. A, Signif. A; Signif. Q(H,0)
(au) (deg)  (au)  (mag) (m) (hr) (107'° au day?) (o) (107'° au day?) (o) (107" au day?) (o) (10%° molecules s ")

1998 KY,4 123 020 148 098  25.60 15 0.178 1.73 £ 091 2 —0.00126 + 0.00061 2 0.320 £0.115 3 9.19
2005 VL, 089 023 025 069 2645 11 —6.66 & 8.02 <1 —0.00711 = 0.00592 1 —0.240 + 0.041 6 5.5
2016 N33 131 021 6.64 1.04 2549 16 0.41-1.99 9.28 +2.96 3 —0.00566 + 0.00193 3 0.848 +0.163 5 24.8
2010 VLgs 1.07 014 441 091  29.22 3 6.57 £13.0 <1 —0.00146 =+ 0.00534 <1 —0.913 £ 0.130 7 0.24
2010 RF, 1.06 019 08 086 2842 4 0.488 + 0.597 <1 —0.00136 + 0.00286 <1 —0.168 + 0.021 8 0.12
2006 RH;5o  1.00  0.04 031 096 2950 27 0.046 1.38 & 0.08 18 —0.507 + 0.0637 8 —0.130 + 0.032 4 1.5
2003 RM 292 060 1086 117 1980 230 —1.045 + 1.217 <1 0.021 5 + 0.0004 56 0.015 6 + 0.0543 <1 1600

Note. Best-fit nongravitational acceleration parameters for each object in our sample, with formal (1) uncertainties. The statistical significance is given for each acceleration and calculated as the ratio of the magnitude

of the acceleration to its uncertainty. We also include the object 2003 RM, for which we report anomalously large nongravitational acceleration in the accompanying paper (Farnocchia et al. submitted 2022). Statistically

robust results (o > 3) are found for the A; component of all newly reported objects in this paper. For the A, component, only 2016 NJ33, 2003 RM, and 2006 RH,,, have robust detections. We calculate implied
production rates of H,O for each object in our sample at perihelion. We calculate this using the most significant component of the acceleration and assuming an albedo of p = 0.1 and that the molecules are released at a

temperature of 100 K. The size and rotational period of 1998 KY,¢ were first reported by Ostro et al. (1999). The rotational period of 2016 NJs; is estimated from radar CW spectral observations taken with the Arecibo

Observatory planetary radar system (see Appendix A). The nuclear radius and period of 2006 RH,,, were reported by Kwiatkowski et al. (2009). The remaining objects do not have reported measurements of size or

rotational period. We estimate the remaining sizes with Equation (2) assuming a geometric albedo of p = 0.1.
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Figure 2. The (signed) residuals of the astrometric fits (in arcseconds) for the R.A. and decl. of 2010 VLgs (top) and 2005 VL, (bottom) with (pink points) and without
(blue points) nongravitational accelerations. The gravity-only solution does not allow for outlier rejection in the astrometric fits.

where no background object was too close to the object. This
image contains 120 exposures of 30s each, resulting in a
3600 s exposure.

The object was rather faint (26.1 for the first set, 25.5 for the
second), requiring that the astrometric measurements be
performed on stacks. The signal-to-noise ratio (S/N) in the

individual images is barely above 1. This implies that the
photometry would also require stacks. The object is the blob at
the center, outlined with a red circle. Although the object is
very faint, the stacked images produce a solid detection with a
combined S/N ~ 12. Furthermore, 1998 KY 4 is clearly visible
in various substacks, confirming without doubt the reality of
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Figure 3. Location in semimajor axis and eccentricity space of the currently
known active asteroids (pentagons; Table 3) and candidate dark comets
(diamonds; Table 1). Active asteroids are color coded based on their activity
sources: sublimation-driven activity (blue), nonsublimation-driven activity
(pink), and unknown activity source (white). The semimajor axes of Mars and
the Earth and orbits with perihelia equal to those of Mars and the Earth are
indicated with dashed lines.
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Figure 4. Stacked and cleaned image of 1998 KY,¢ with VLT that spans two
sets of 60 exposures, each of which is 30 s. The resulting temporal coverage is
~1 hr in 2020 December. The image is 64" x 64”. This is a linear gray scale
from 0 to 4 ADU s~ pixel . Object 1998 KY ¢ is faint but visible in the final
image and indicated with a red circle. There is no evidence for an extended
cometary tail.

the image and its identification with the object (the image is
64" x 64"). There is no evidence for an extended tail in the
deep image; the variations observed in the sky around the
object can be identified with the residuals of the various
background objects passing behind the object. In order to
further quantify the lack of dust around the target, we show its
photometric profile in Figure 5.

The selection of the images composing the stack used to
generate the profile ensured that no background object

Seligman et al.
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Figure 5. Standard profile analysis for dust activity in the deep stacked and
cleaned image with VLT of 1998 KY,¢ shown in Figure 4. The upper limit of
dust present in the image is ~3 kg. The solid line indicates the profile of our
chosen field star scaled to the brightness of the object. The filled points indicate
the integrated flux in concentric rings centered on the target. This analysis
assumes that the dust is composed of 1 pum sized dust grains with an albedo of
p = 02 and density of p=3000kg m® with ~1 order of magnitude
uncertainty. The x-axis increases to the right.

would contaminate the area of the profile. We obtained it by
integrating the instrumental fluxes converted to surface
brightnesses in a set of concentric circular apertures
centered on the object. We use a conversion to magnitudes
with a zero-point of 27.8 (from Hainaut et al. 2021). To
scale the brightness of the object for comparison, we used
the profile of a field star. This analysis does not yield a
stringent constraint because the noise and background
dominate very quickly. Because this object is so faint, the
quantity of dust that could be undetected in the image is not
well constrained. We estimate a coma mass upper limit of
~3 kg of dust by integrating the corresponding flux from
0”5 to 2" (assuming 1 pm sized dust grains with an albedo
of p = 0.2 and density of p = 3000 kg m>). This corresponds
to a magnitude for the dust of 24.0, which would be a 5o
detection from 0”5 to 2” from the object. The uncertainty is
~1 order of magnitude because of all the assumptions
required to convert from the magnitudes to the mass of dust
(grain size, albedo, and density). The corresponding upper
limit on the dust production rate is Mpu < 02 g s .
However, as discussed in the next section, outgassing could
still explain the acceleration even if the upper limit was
orders of magnitude higher.

3. Implied Production Rates

Based on the results presented in the previous section, it is
clear that no mass loss has been detected in any of these dark
comet candidates. However, the magnitudes of the nongravita-
tional accelerations are inconsistent with being caused by the
Yarkovsky effect or radiation pressure. Therefore, for the
remainder of this paper, we hypothesize that the nonradial,
nongravitational accelerations are caused by outgassing. We
calculate the implied production rates of H,O using only the
dominant, nonradial accelerations.

The production rate Q(X) for a given species denoted by X
may be calculated using

Q(X)=(m)(ﬂ)- 3)
myx VGas €
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In Equation (3), My is the mass of the nucleus, mx and vgys
are the mass and velocity of the outgassing species, and A; is
the dominant component of the nongravitational acceleration
used in the calculation. The variable ( indicates the isotropy of
the outflow, where ¢ = 1 corresponds to a collimated outflow,
and ¢ = 0.5 corresponds to an isotropic hemispherical outflow.
The velocity of the gas can be related to the temperature of the
outflow, Tg,s, using

172
Voas = ( 8ks Toas ) . @)

Y

We calculate the implied production rates of H,O outgassing
using Equations (3) and (4) at perihelion (Table 1). We assume
that (=1 and that the nuclei of the objects are spherical with
radii listed in Table 1, which in turn are calculated assuming an
albedo of 0.1 and a bulk density of pgux =1 gcm73. These
production rates, ~10?' molecules s~ , are several orders of
magnitude lower than typical cometary production rates, which
are on the order of ~10?° molecules s (see Tables 1-3 in
Harrington-Pinto et al. 2022). The implied mass production of
H,0 of 1998 KY,4 is ~0.03 g s~ ', compared to <1 kg s~ for
MBCs and ~10°-10° kg s ' for comets (Jewitt 2012; Jewitt &
Hsieh 2022). If 1998 KY,¢ has been outgassing continuously
at this rate since its discovery, the total mass lost would be
~107 g, ~0.1% of its total mass. The analogous calculations
for the other dark comet candidates yield similarly small mass-
loss fractions, implying that outgassing is an allowable
mechanism. The production of MBCs has not led to detectable
gas production (Snodgrass et al. 2017), except for a tentative
detection of one candidate by Ferellec et al. (2022).

It should be noted that the case of 2016 NJ3; requires an
~30 significant A radial acceleration to fit the astrometric data.
We calculate the implied production rate using only the Aj
acceleration. However, if A is as large as the fit suggests, then
the implied production of H,O would be slightly higher.

The characteristic mass-loss timescale 7, for which this
level of activity is sustainable is approximately given by

~ dMnyc ~ VGas §
TM—MNUC/( dt )—( |Al| ) (5)

A scaled relationship version of Equation (5) gives

= 2.8 x 104 Yr( VGas )( 2 x 10" Tauday™> )

350ms! 1A
(6)

The orbits in our sample are similar to those of typical
evolved near-Earth objects and may have had long residency
times. From Equation (6), it is evident that these objects could
not have been outgassing at these inferred rates for longer than
~10*yr. Therefore, if these objects are outgassing, they either
(i) were not outgassing at this rate in the recent past or (ii) were
only recently emplaced on these orbits. Objects with
trajectories similar to those of our sample dark comet
candidates are thought to evolve from the main belt.
Specifically, there is currently no known dynamical pathway
to inject these objects from the JFC or LPC populations (see,
e.g., Figures 4-6 in Granvik et al. 2018). Moreover, these
objects all have the highest probability of being injected onto
their current trajectories from the v region in the innermost
part of the asteroid belt. If our interpretation of the
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nongravitational acceleration based on outgassing is correct,
it might have interesting population-wise implications for very
small objects in the inner main belt. Although outside of the
scope of this paper, future investigation of the dynamical
history of these objects would be informative.

4. Possible Explanation for Lack of Visible Comae

4.1. Cohesive versus Rotational Forces for Surface Dust
Retention

The objects in our sample are between ~3 and 15 m in
radius, smaller than typical cometary nuclei that have been
measured (Jewitt & Seligman 2022). Because small objects
tend to rotate faster, surface dust will experience stronger
rotational forces. However, when considering typical cohesive
forces on the surface regoliths of asteroids, it is evident that the
rapid rotation of these objects is not sufficient to explain the
lack of comae.

Consider a particle at the equator and on the surface of a
spherical nucleus with a radius Ry,. and a uniform density
Peulk- In the absence of cohesive surface forces, the particle will
be removed if its velocity is greater than the escape velocity,
Vgse» Which is given by

8T
VEse = RNuc ? GpBu]k . (7)

A scaled version of the same equation gives the following
relationship:

Rn PBulk 12
VEse = 7.48 cm s"( ue ) u ) 8
e 1km J\ 1.0 gem3 ®

The rotational velocity vge at the surface of a spherical
nucleus rotating with a rotational period Pro 1S
VRot = 2TRNue/Pror- If the rotational velocity is greater than
the escape velocity—if v > ViEsc—then cohesionless particles
will not remain on the surface. It is critical to note that this
criterion only holds at the equator and is diminished at higher
latitudes. This criterion reduces to the following expression:

37
Prot < _ )
° 2 Gpgyx

The critical rotational period, Pc—analogous to the rotation
limit for a cohesionless rubble-pile object (Harris 1979; Harris
& Burns 1979; Harris 1996; Warner et al. 2009)—is given by

leem=3 )7?
Pt = 2.33 hr( _eam - ) . (10)
PBulk

If an object has a rotational period less than the critical period,
Prot < Pcris particles without cohesive forces will not be
retained on the surface. It has been established that the rotation
periods of comets (when measured) are slower than those of
asteroids (Binzel et al. 1992; Jewitt 2021; Jewitt & Hsieh 2022).
In Figure 6, we show the rotational period versus perihelion for
all comets for which the rotational period of the nucleus has
been measured. The comets all have slow nuclear rotational
periods and therefore weak rotational forces operating on their
surfaces. Clearly, 1998 KY,q, 2006 RH,, and 2016 NJ3; are
rotating faster than this critical period. The comet data shown in
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Figure 6. Nuclear rotational periods of comets for which this values has been
measured vs. their perihelia. The nuclear diameter is shown in color for objects
where this quantity has been measured. The locations of 1998 KY,¢s, 2006
RHjz0, and 1I/‘Oumuamua are indicated, as well as the upper estimated
rotation period of 2016 NJ;;. The dashed line shows the critical rotation period
where self-gravity balances with rotational forces. The data for each comet are
listed in Table 2.

Figure 6 are listed in Table 2, with references for the cometary
rotation period measurements.

However, it is worth noting that smaller dust may be retained
on the surface by cohesion given by molecular forces or some
electrostatic interaction (Rozitis et al. 2014). In fact—and
somewhat counterintuitively—smaller objects tend to have
more dominant cohesive forces (Scheeres et al. 2010; Sanchez
& Scheeres 2020). The rotational force acting on the equatorial
particle is frot = MpRNucWNue (Where wyye is the rotational
frequency of the comet nucleus, and mp, is the mass of the dust
grain). The cohesive forces can be estimated as fco, = ocAAp,
where oc is the strength of the regolith, and AAp is the surface
area of the grain (as in Section 2 of Sanchez & Scheeres 2020).
Typical values of o¢ are ~0-100 Pa (Hirabayashi et al. 2014).
Ignoring the effects of self-gravity, the cohesive forces will
dominate over the rotational forces when the fraction
Jcoh > frot- Assuming that mp >~ pDR]% and AAp ~ R]% for
grain size Rp and density pp, the ratio of cohesive to rotational
forces can be written as

Toon _ 3283( o )( Lgem )
Jrot 10 Pa Pp
2

X(lmm)(lkm)(PRm). (a1

RD RNuc 1 hr
In Figure 7, we show a two-dimensional histogram of the
diameter and rotational period of all asteroids for which these
properties have been measured. The diameter ranges for which
asteroids are believed to be rubble piles and primordial
remnants as outlined in Walsh (2018) are indicated. We also
show the location of all of the currently known active asteroids.
It is evident that 1998 KY,¢ and 2016 NJ,3—and presumably
the remaining candidate dark comets—are distinct at the
population level from active and inactive asteroids. The dashed
line shows the critical rotation period given by Equation (10),
and the dotted line shows where the cohesive forces equal the
rotational forces computed with Equation (11), assuminég
millimeter-sized dust grains, oc = 10Pa, and pp=1 g cm™

It is clear that although the candidate dark comets rotate
rapidly, typical cohesive forces will retain dust regolith on the
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surface. Therefore, the rapid rotation periods alone cannot
explain the lack of detectable dust activity for these objects.

4.2. Dependence of Spin-up Timescale on Object Size

It is straightforward to show that, for a given sublimation
torque, smaller objects spin up faster (the same holds for the
radiation-induced torques, aka the YORP effect, which are,
however, less important in the case of our sample of objects).
Again, we consider a spherical nucleus with radius Ryy. If the
outgassing induces average anisotropic rotational forces on the
nucleus, Fg,, the resulting torque is 7y,

7-Gas ~ Rnue X Fgas. (12)

This torque produces a change of rotational frequency of the
comet nucleus, Wnue,

d@Nuc

dt

7—Gals ~ MNuchquc (13)

By combining the previous two equations, the rate of change of
the spin of the nucleus is given by (neglecting the sin(f) term
from the cross product)

dwNuc |FGas|
X .
dt MNucRNuc

(14)

And, although this is a very general argument, surface forces
on small bodies should be proportional to the surface area, i.e.,
Fgas < Ré,.. Thus, for a given bulk density, we obtain

% o L (15)

At R

Therefore, smaller objects will be particularly susceptible to
rapid spin-up from outgassing torques. In Figure 7, the most
rapidly rotating objects are preferentially small (<1 km) in
diameter. It is important to note, however, that the magnitude
of outgassing torques scales with the production, which could
depend on the size of the nucleus with a different power than
the two assumed here. Based on the ratio of cohesive to
rotational forces, it is possible that the rapid rotation of these
small objects contributed to the removal of dust if the objects
were spun up via outgassing and that same outgassing removed
dust previously. However, the rotational forces alone, even for
these rapidly rotating objects, are not sufficiently strong to
remove surface dust.

4.3. Subsurface Dust Production

Given that our candidate dark comets do not exhibit dust
comae, if their accelerations are caused by outgassing, they
must not have retained significant dust on their surfaces. It is
not clear what mechanism removed the dust from the surface of
the nuclei, given that rotation is not sufficient to overcome
typical cohesive forces. It is possible that previous outgassing
activity removed surface dust, and that the preferential rapid
rotation in these dark comets is a leftover signature of this
process. Processes such as meteorite bombardment (as with
(101955) Bennu) and fatigue due to thermal cycling will
replenish surface dust, so for the nuclei to remain bare, the
removal rate of dust via outgassing must be larger than the
generation rate. Moreover, the episodic nature of these
mechanisms militates against detection. It is also possible that
significant surface material was cleared rapidly at birth, and the
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Table 2
Comets with Nuclear Rotation Periods Measured
Object Name q (au) i (deg) Classification Diameter (km) Pro (hr) Reference
P/2006 HR30 (Siding Spring) 1.226 31.88 HTC 70.7
C/2001 OG108 (LONEOS) 0.994 80.25 HTC 13.6 57.12 Abell et al. (2005)
Fernandez et al. (2005a)
9P/Tempel 1 1.542 10.47 JFC 6 40.7 A’Hearn et al. (2005)
P/2016 BA14 (PANSTARRS) 1.009 18.92 JEC 36.6 Warner (2016)
162P/Siding Spring 1.233 27.82 JEC 32.853 Kokotanekova et al. (2017)
333P/LINEAR 1.115 131.88 JEC 21.04 Hicks & Thackeray (2016)
94P /Russell 4 224 6.18 ETC 20.7 Kokotanekova et al. (2017)
93P/Lovas 1 1.7 12.2 JFC 18.2 Kokotanekova et al. (2017)
103P/Hartley 2 1.059 13.62 JEC 1.6 18.1 Belton et al. (2013)
Harmon et al. (2011)
47P / Ashbrook-Jackson 2.802 13.05 JFC 5.6 15.6 Kokotanekova et al. (2017)
49P / Arend-Rigaux 1.424 19.05 JFC 8.48 13.45 Eisner et al. (2017)
67P /Churyumov—Gerasimenko 1.241 7.05 JFC 34 12.761 29 Mottola et al. (2014)
Sierks et al. (2015)
149P /Mueller 4 2.647 29.75 JFC 11.88 Kokotanekova et al. (2017)
2P /Encke 0.336 11.78 ETC 4.8 11.083 Fernandez et al. (2005b)
Lowry & Weissman (2007)
110P/Hartley 3 2.465 11.7 JFC 43 10.153 Kokotanekova et al. (2017)
14P/Wolf 2.729 27.94 JFC 4.66 9.02 Kokotanekova et al. (2017)
10P/Tempel 2 1.421 12.03 JEC 10.6 8.93 A’Hearn et al. (1989)
Jewitt & Luu (1989)
Wisniewski (1990)
Knight et al. (2012)
169P/NEAT 0.607 11.3 JFC 8.369
137P /Shoemaker-Levy?2 1.933 4.85 JFC 5.8 7.7 Kokotanekova et al. (2017)
123P/West-Hartley 2.126 15.35 JFC 3.7 Kokotanekova et al. (2017)
C/2003 WT42 (LINEAR) 5.191 31.41 HYP 3.31 Dermawan et al. (2011)

Note. The data are drawn from the JPL small-body database.

present-day dust creation rate is low enough to avoid apparent
comae detection.

If these small objects are unable to retain surface material,
the only possible source of dust activity is from subsurface
dust, which is entrained during ice sublimation. Assuming the
nongravitational acceleration is due to volatile outgassing, we
calculate the maximum amount of dust that could be produced
via such entrainment, assuming the dust-to-gas mass ratio
Z = 0.01 typically assumed in the interstellar medium and
protoplanetary disks (Birnstiel et al. 2010). The dust production
rate Mp,q for a given outgassing species X can be calculated
from the gas production rate (Table 1) by multiplying the total
gas mass production of the outflow by the dust-to-gas ratio.
Assuming H,O-driven gas production, the dust production can

)
0.0 I

102'molecules s~! )(

Mpu(X)=3 x 104 ¢ S*I(

(16)

M0 )
ny .

Due to the small gas production rates required to power the
accelerations of order 10'°-10%" molecules sfl, the corresp-
onding dust production rates are extremely small. For
instance, in the case of H,O outgassing from 1998 KY,
the dust production rate would be ~10~* g s'. For context,
(101955) Bennu exhibited Mpu ~ 107* g s~', which was
only measurable in situ (Hergenrother et al. 2020). By
comparison, typical observable cometary dust production

10

rates are >10* g s~' (Delsemme 1976). As a point-source
analog, micron-sized dust production limits from deep
stacked optical images of 1I/‘Oumuamua were Mpu<
0.2-2 g s~ (Jewitt et al. 2017; Meech et al. 2017), >10°x
greater than these dust production rates. Therefore, in the
absence of surface dust, small, rapidly rotating, and weakly
outgassing bodies should not produce detectable dust
activity. It is not surprising that these objects have not been
identified as active asteroids (Jewitt & Hsieh 2022).

In the absence of extended tails in images, activity may be
detected via drastic brightness changes in light curves. For the
case of (101955) Bennu, which displayed no tail, Hergenrother
et al. (2020) estimated that the dust production Mpuy ~ 1074 g
s~! would not be detectable in light curves. They estimated the
detection threshold of ground-based photometric surveys as 0.1
mag, or 9.6% of its absolute magnitude. Given (101955)
Bennu’s average projected surface area of 1.9 x 10° cm?, this
sensitivity limit corresponds to the release of dust particles with
a total area of 1.8 x 10® cm?. The largest ejection event on
January 6 produced a surface area of ~170-190 cm?
Therefore, even the largest production event recorded for
(101955) Bennu would have been undetectable with ground-
based observations by ~10° orders of magnitude. And so,
again, it is not surprising that activity has not been detected in
these objects, since the implied dust production is comparable
to that of (101955) Bennu. It is important to note that (101955)
Bennu does not have a significant nongravitational acceleration
due to particle ejection, and the activity is thought to stem from
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Figure 7. Two-dimensional histogram showing the distribution of rotational periods vs. diameters of asteroids. The critical period is shown by a dashed line, and the
relationship where cohesive forces are equal to rotational forces (Equation (11) assuming oc = 10Pa, pp=1¢ em >, and Rp = 1 mm) is indicated with a dotted line.
These data are from Warner et al. (2009). Vertical dashed lines delineate the size scales of rubble piles and primordial intact remnants. Objects 1998 KY ¢, 2016 NJ33,
and 2006 RH, are indicated with diamonds, while the other candidate dark comets in our sample do not have rotation periods measured. Active asteroids with sizes

and rotational periods measured (Table 3) are indicated with pentagons.

other sources, such as meteoroid bombardment with a granular
surface prepped by thermal fracturing (Chesley et al. 2020).

We perform an analogous calculation for 1998 KY,¢. The
projected surface area of 1998 KY,¢ with Ryyc=15 m is
~7 % 10° cm?. We assume that the dust produced had the same
properties as the particles ejected from (101955) Bennu, with a
resulting projected surface area of 170-190 cm”. Because 1998
KY ¢ is smaller than (101955) Bennu, the change in brightness
would be ~2.5x 1075, or ~0.0025% of its absolute
magnitude. This is orders of magnitude below the uncertainty
level (0.1 mag) of the photometric measurements obtained
during the 1998 apparition (Figure 3 in Ostro et al. 1999). For
the remaining objects, the extant photometric data (some of
which are reported without error bars) are not sufficient to
capture such brightening events (not shown). Although there
has been no activity reported for any of our candidate dark
comets, the dust production levels estimated here are not
detectable in extant data by orders of magnitude. Moreover,
even if the photometric measurements did have the absolute
accuracy required to detect this level of activity, the intrinsic
variation due to (i) rotation, (ii) phase variation, and (iii)
changing of the geometry would mask this relatively small
activity signature. To detect this level of activity photome-
trically, we would first require a high-precision shape model
with high-fidelity information regarding the scattering proper-
ties of the surface.

5. Follow-up Observations

The peculiar behavior of these objects compared to known
comets and asteroids makes them prime targets for follow-up
observations. Given that volatile outgassing is a plausible
mechanism to explain the out-of-plane nongravitational accel-
erations, spectroscopic observations are needed to detect or
place limits on the presence of candidate volatiles (H,O, CO,,
and CO) around these objects. Given the low production rates,
the sensitivity of the James Webb Space Telescope (JWST)
will likely be required to obtain meaningful constraints.
Additionally, deep imaging is needed to improve the limits
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on dust activity levels. Moreover, additional astrometric
observations would help to constrain the radial acceleration
A; and may show that the nongravitational accelerations of
these objects are higher than those reported in this paper.

In Figure 8, we show the solar elongation, visual magnitude,
and rate of motion on the sky for 1998 KY,s. Based on the
observing constraints of JWST, 1998 KY, is the best
candidate for observations in the near future (through 2024).
Improved constraints on the nature of this object will help to
resolve whether they are indeed part of a previously
undescribed class of solar system bodies.

It was announced in 2020 September that Hayabusa2 will
visit 1998 KY,¢ after performing two swing-by maneuvers at
Earth in the extended mission (Hirabayashi et al. 2021). The
spacecraft is equipped (Watanabe et al. 2017) with a suite of
instruments, the first being an optical navigation camera with
one telescopic and two wide-angle cameras with seven filters at
0.39 um (ul-band), 0.48 pm (b-band), 0.55 yum (v-band),
0.59 um (Na), 0.70 yum (x-band), 0.86 pm (w-band), and
0.95 um (p-band; Kameda et al. 2015, 2017; Suzuki et al.
2018; Tatsumi et al. 2019). The thermal infrared imager is
capable of measuring surface roughness and thermal emissivity
and inertia via high-resolution images covering 8—12 ym of
thermal infrared emission that capture surface temperature
ranges from 150 to 460 K (Arai et al. 2017; Okada et al. 2017;
Takita et al. 2017). The laser altimeter (Mizuno et al. 2017;
Senshu et al. 2017; Yamada et al. 2017) can detect dust grains
in the vicinity of an asteroid, with a quoted sensitivity to
asteroidal dust grains similar to the Hayabusa sample
surrounding the target if the number density is >10° m >
(Senshu et al. 2017). It is also equipped with a near-infrared
spectrometer capable of obtaining spectra at near-infrared
wavelengths of 1.8-3.2 um, designed to measure the reflec-
tance spectra of absorption bands of hydrated and hydroxide
minerals (Iwata et al. 2017). Therefore, the nature of the
nongravitational acceleration of 1998 KY,¢ should be defini-
tively identified by Hayabusa2.
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6. Conclusions

In this paper, we identified five inactive objects lacking
visible comae that nonetheless showed significant nongravita-
tional acceleration in the out-of-plane direction. These objects
are part of the near-Earth object population and are all
characterized by nonpeculiar orbits (e.g., typical semimajor
axes, eccentricity, and inclination). As a rule, these objects are
small (Rnyc ~ 3-16 m) and have rapid rotation periods (when
measured).

While the nature of these objects remains uncertain, we
showed that an outgassing mechanism can plausibly explain the
out-of-plane nongravitational acceleration without producing a
visible dust coma. This is largely due to the small size of the
bodies, which means that (i) relatively low gas production rates
are needed to explain the accelerations, and (ii) the nuclei may
not have surface dust, possibly due to continual cleansing from
outgassing. For objects that have lost their surface dust, the only
contribution to dust activity is the entrainment of dust from the
subsurface during ice sublimation. Based on the gas production
rates inferred for the bodies, we show that the production of dust
via entrainment is extremely small and well within the
observational limits. It is possible that these objects are solar
system analogs to 1I/‘Oumuamua, which also exhibited a
nongravitational acceleration and lack of cometary activity.

Follow-up observations are critical to understanding the
nature of these unusual objects, potentially members of a new
class of “dark comets” in the solar system. In particular,
observations with JWST would reveal whether their nongra-
vitational accelerations are in fact due to volatile outgassing
(e.g., H,O, CO,, or CO) or whether a new mechanism is
needed to explain their peculiar properties.
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Appendix A
Rotation Period of 2016 NJs3

For 2016 NJ33, we estimate the rotational period using one
continuous-wave (CW) observation obtained with the Arecibo
Observatory planetary radar system, shown in Figure 9. The
CW spectrum shows a bandwidth of 0.50 £ 0.02 Hz. Using
the relation linking the bandwidth of a CW spectrum and the
rotation period (see Virkki et al. 2022 for more information on
CW radar observations and their analysis), we estimate that
the rotation period of 2016 NJ3; is between 0.41 and 1.99 hr
with a mean of 1.43 hr with 30 confidence. We obtained this
result by simulating random pole orientations and a normal
distribution of the bandwidth (0.50 & 0.02 Hz) and diameter
(32 & 3 m). This estimation of the rotational period should be
treated with caution because (i) we only have one observation
of the object, (ii) an observation very close to pole-on
geometry would result in a very fast rotation period, and (iii)
we assume a spherical nucleus, and if the object is highly
elongated, a very different cross section would be allowable.
However, there is a low probability of randomly observing the
object pole-on.
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Figure 9. Radar CW spectrum of 2016 NIJ;; taken with the Arecibo
Observatory. The CW spectrum shows that the minimum rotation period
should be between 0.41 and 1.99 hr. Because we have no information
regarding the pole orientation of the object, it is possible that the rotational
period is much more rapid. The low SC/OC ratio excludes an E-type
classification (Benner et al. 2008). Reproduced from https://www.naic.edu/
~pradar/asteroids /2016NJ33 /2016NJ33.2016Jul15.s0p25Hz.cw.gif.
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Appendix B with measured nucleus rotation rates and sizes. Table 3 is
Data for Active Asteroids and Cometary Nuclei reproduced from Jewitt & Hsieh (2022) and lists active asteroid
Table 1 lists relevant properties of the dark comet candidates. properties.
In Table 2, we show the relevant data and references for comets
Table 3
Properties of the Currently Known Active Asteroids
Object Name a (au) e i (deg) H (mag) Ryue (m) Pry (hr) Reference
(1) Ceres 2.766 0.078 10.588 3.53 469.7 9.07 Kiippers et al. (2014)
Park et al. (2016)
(493) Griseldis 3.116 0.176 15.179 10.97 20.78 51.94 Tholen et al. (2015)
(596) Scheila 2.929 0.163 14.657 8.93 79.86 15.85 Ishiguro et al. (2011)
(2201) Oljato 2.174 0.713 2.522 15.25 0.90 >26. Russell et al. (1984)
Tedesco et al. (2004)
(3200) Phaethon 1.271 0.890 22.257 14.32 3.13 3.60 Jewitt & Li (2010)
Ansdell et al. (2014)
(6478) Gault 2.305 0.193 22.812 14.81 2.8 2.49 Devogele et al. (2021)
(62412) 2000 SY 75 3.159 0.079 4.738 13.74 5.19 3.33 Sheppard & Trujillo (2015)
(101955) Bennu 1.126 0.204 6.035 20.21 0.24 4.29 Lauretta et al. (2019)
107P/(4015) Wilson—Harrington 2.625 0.632 2.799 16.02 3.46 7.15 Fernandez et al. (1997)

Licandro et al. (2009)
Urakawa et al. (2011)

133P/(7968) Elst-Pizarro 3.165 0.157 1.389 15.49 1.9 347 Hsieh et al. (2009)
176P/(118401) LINEAR 3.194 0.193 0.235 15.10 2.0 22.23 Hsieh et al. (2009)
233P/La Sagra (P/2005 JR7,) 3.033 0411 11.279 16.6 1.5 Mainzer et al. (2010)
238P/Read (P/2005 Ul) 3.162 0.253 1.266 19.05 0.4 Hsieh et al. (2011)
259P/Garradd (P/2008 R1) 2.727 0.342 15.899 19.71 0.30 MacLennan & Hsieh (2012)
288P/(300163) 2006 VW 39 3.051 0.201 3.239 17.8, 18.2 0.9, 0.6 Agarwal et al. (2020)
311P/PANSTARRS (P/2013 P5) 2.189 0.116 4.968 19.14 0.2 >5.4 Jewitt et al. (2018)
313P/Gibbs (P/2014 S4) 3.154 0.242 10.967 17.1 1.0 Hsieh et al. (2015)
324P/La Sagra (P/2010 R2) 3.098 0.154 21.400 18.4 0.55 Hsieh & Sheppard (2015)
331P/Gibbs (P/2012 F5) 3.005 0.042 9.739 17.33 1.77 3.24 Drahus et al. (2015)
354P/LINEAR (P/2010 A2) 2.290 0.125 5.256 0.06 11.36 Snodgrass et al. (2010)
358P/PANSTARRS (P/2012 T1) 3.155 0.236 11.058 19.5 0.32 Hsieh et al. (2018)
426P/PANSTARRS (P/2019 A7) 3.188 0.161 17.773 17.1 1.2
427P/ATLAS (P/2017 S5) 3.171 0.313 11.849 18.91 0.45 1.4 Jewitt et al. (2019)
432P/PANSTARRS (P/2021 N4) 3.045 0.244 10.067 >18.2 <0.7
433P/(248370) 2005 QN,73 3.067 0.226 0.067 16.32 1.6 Hsieh et al. (2021b)
Novakovi¢ et al. (2022)
P/2013 R3 (Catalina-PANSTARRS) 3.033 0.273 0.899 ~0.2 Jewitt et al. (2014)
P/2015 X6 (PANSTARRS) 2.755 0.170 4.558 >18.2 <0.7 Moreno et al. (2016a)
P/2016 G1 (PANSTARRS) 2.583 0.210 10.968 <0.4 Moreno et al. (2016b)
Hainaut et al. (2019)
P/2016 J1-A/B (PANSTARRS) 3.172 0.228 14.330 <0.4,<0.9 Moreno et al. (2017)
P/2017 S9 (PANSTARRS) 3.156 0.305 14.138 >17.8 <0.8 Weryk et al. (2017)
P/2018 P3 (PANSTARRS) 3.007 0.416 8.909 >18.6 <0.6 Weryk et al. (2018)
P/2019 A3 (PANSTARRS) 3.147 0.265 15.367 >19.3 <0.4 Weryk et al. (2019)
P/2019 A4 (PANSTARRS) 2.614 0.090 13.319 0.17 Moreno et al. (2021)
P/2020 O1 (Lemmon-PANSTARRS) 2.647 0.120 5.223 >17.7 <0.9
P/2021 A5 (PANSTARRS) 3.047 0.140 18.188 0.15 Moreno et al. (2021)
P/2021 L4 (PANSTARRS) 3.165 0.119 16.963 >15.8 <22
P/2021 R8 (Sheppard) 3.019 0.294 2.203

Note. This table is reproduced from Jewitt & Hsieh (2022) with permission from the authors.
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