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Executive summary

The main goal of the "Small body transport and the initial conditions for planetesimal formation" project
was to determine physical characteristics for a large number of small bodies in various populations (main belt
asteroids, Jovian Trojans, Centaurs, trans-Neptunian objects), as well as to perform more detailed studies on
some selected targets, in order to get a more comprehensive picture on their formation and evolution. The
determination of rotational characteristics of various small body populations using space telescope data (K2
and TESS) has been a major research topic during our project, and our team has gained a world-leading
position in this field. Our result that in most small body populations the number of slowly rotating bodies
has previously been underestimated has since been confirmed by data from other large surveys, and triggered
a reconsideration of the possible formation mechanisms of these bodies. Detailed studies of individual targets
indicated that a reassessment of the dwarf planet definition may be necessary in the inner solar system; it
is also suggested that there is a common density of trans-Neptunian dwarf planets, based on Haumea and
Gonggong data, as predicted by formation theories. Stellar occultations have been used to obtain accurate
shape and size for Centaurs and trans-Neptunian objects (TNOs), and led to the discovery of the ring of
the dwarf planet Haumea, the first time around a Kuiper belt object. Thermal emission measurements of
Kuiper belt objects confirmed the status of members of the Haumea collisional family, and showed that the
same albedo-colour bimodality exists among scattered disc and resonant trans-Neptunian objects as in other
trans-Neptunian populations, further strengthening the evidence for a compositional discontinuity in the early
Solar system at ∼20 au. We also investigated the origin of dust in debris disks of young planetary systems. We
published altogether 27 peer-reviewed papers of which 25 are in Q1/D1, and 7 in D1 journals, and 14 papers
have been first authored by our team members; we organized one conference (Thermops 2019), and an EPSC
2020 special session "Small Body Surveys" related to the topics of our project.

A more detailed description of the results is given below.

Stellar occultations of Centaurs and trans-Neptunian objects

Observation of the stellar occultation is a very effective tool to derive the basic physical characteristics (size,
shape, albedo, presence of atmosphere) of distant solar system bodies, Centaurs and trans-Neptunian objects.
Our group participated in several international campaigns and observed stellar occultations using the 1-m
RCC, 0.6/0.9-m Schmidt, and the 0.8-m automated telescopes at the Piszkéstető Mountain Station of Konkoly
Observatory (A. Pál, R. Szakáts, Cs. Kiss), as well as the 0.8-m telescope at the ELTE Gothard Observatory,
Szombathely (Gy. Szabó), in the framework of our NKIFH project. The occultation results were combined with
radiometric (infrared) data and light curve (rotational) information to obtain a thorough characterisation of
the target. We have published four papers on stellar occultations, including a paper in Nature on the discovery
of the first ring system of a trans-Neptunian object around the dwarf planet Haumea.

During a stellar occultation in 2017 secondary events were observed around the main body of Haumea,
consistent with the presence of a ring with an opacity of 0.5, width of 70 kilometres and radius of about 2,287
kilometres. The ring is coplanar with both Haumea’s equator and the orbit of its satellite Hi’iaka. The radius
of the ring places it close to the 3:1 mean-motion resonance with Haumea’s spin period—that is, Haumea
rotates three times on its axis in the time that a ring particle completes one revolution. The occultation by the
main body provides an instantaneous elliptical projected shape with axes of about 1,704 kilometres and 1,138
kilometres. Combined with rotational light curves, the occultation constrains the three-dimensional orientation
of Haumea and its triaxial shape, which is inconsistent with a homogeneous body in hydrostatic equilibrium.
Haumea’s largest axis is at least 2,322 kilometres, larger than previously thought, implying an upper limit for
its density of 1.885 g cm−3 and a geometric albedo of 0.51, both smaller than previous estimates. In addition,
this estimate of the density of Haumea is closer to that of Pluto than are previous estimates, in line with
expectations. No global nitrogen- or methane-dominated atmosphere was detected [Ortiz et al., 2017].

We observed the occultation of the large trans-Neptunian object 2002 TC302 on 28 January 2018, the best
observed occultation by a TNO other than Pluto. From the chords an elliptical fit to the projection of the
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body was obtained with major and minor axes of 543±18 km and 460±11 km, and a position angle of 3±1 deg.
Combined with rotational light curves, this allowed us to derive possible three-dimensional shapes and density
estimates. The effective diameter is by ∼84 km smaller than the radiometric diameter, indicating the existence
of an unresolved satellite of up to ∼300km size [Ortiz et al., 2020].

Measurements were obtained with 29 telescopes throughout Europe during the stellar occultation of the
Centaur 2002 GZ32 on 2017 May 20, with six successful detections. We obtained the limb that corresponds to
an ellipse with axes of 305 ± 17 km × 146 ± 8 km. Considering the rotational light curve obtained shortly
after the occultation, we derived the geometric albedo of 2002 GZ32 (pV = 0.043 ± 0.007) and a 3D ellipsoidal
shape with axes 366 km × 306 km × 120 km. This shape is not fully consistent with a homogeneous body
in hydrostatic equilibrium for the known rotation period of 2002GZ32. The size (albedo) obtained from the
occultation is respectively smaller (greater) than that derived from the radiometric technique but compatible
within error bars. No rings or debris around 2002 GZ32 were detected from the occultation [Santos-Sanz et al.,
2021].

A paper is in preparation on the the physical properties of the cubewano (19521) Chaos obtained from
a multi-chord stellar occultation [Vara-Lubiano et al., 2021], and another paper has been submitted on the
occultation measurements of (38628) Huya [Santos-Sanz et al., 2022, A&A, submitted].

We have also shown that even single-chord detections of TNOs allow us to measure their milliarcsecond
astrometric positions in the reference frame of the Gaia second data release (DR2). We analyzed data from
various stellar occultation detections to obtain astrometric positions of the involved bodies. The events pub-
lished before the Gaia era were updated with Gaia DR2, providing accurate positions. Events with detection
from one or two different sites (single or double chord) were analyzed to determine the event duration. Previ-
ously determined sizes were used to calculate the position of the object center and its corresponding error with
respectto the detected chord and the ICRS propagated Gaia DR2 star position. We derive 37 precise astro-
metric positions for 19 TNOs and four Centaurs. Although about 68% of our results are based on single-chord
detection, most have intrinsic precision at the submilliarcsecond level. Using the Gaia DR2 catalog, we show
that even a single detection of a stellar occultation allows improving the object ephemeris significantly, which
in turn enables predicting a future stellar occultation with high accuracy [Rommel et al., 2020].

Rotational properties of small Solar system bodies from Kepler/K2 and
TESS mission data

One of the main topics of our research project was to obtain rotational properties of various populations of small
Solar system bodies, from the main belt to the trans-Neptunian region, covered by several, population-specific
papers. The general conclusion is that previous statistics significantly underestimated the number of slowly
rotating objects in all populations that may suggest a collisional evolution and/or binary frequency different
from the previous models. We summarized the K2 solar system results in a chapter of ’The NASA Kepler
Misson’ book [Kiss et al., 2020].

We investigated the K2 light curves of a large sample of untargeted main-belt asteroids (MBAs) detected
with the Kepler Space Telescope. The asteroids were observed within the Uranus superstamp, a relatively
large, continuous field with a low stellar background designed to cover the planet Uranus and its moons during
Campaign 8 of the K2 mission. The superstamp offered the possibility of obtaining precise, uninterrupted light
curves of a large number of MBAs and thus determining unambiguous rotation rates for them. We obtained
photometry for 608 MBAs, and were able to determine or estimate rotation rates for 90 targets, of which
86 had no known values before. In an additional 16 targets we detected incomplete cycles and/or eclipse-like
events. We found the median rotation rate to be significantly longer than that of the ground-based observations,
indicating that the latter are biased toward shorter rotation rates. Our study highlights the need and benefits
of further continuous photometry of asteroids [Molnár et al., 2018].

We presented the first data release of TESS asteroid observations, focusing on the bright end of main-belt
and Jovian Trojan asteroids. This data release contains 9912 light curves, and triples the number of bodies
with unambiguous fundamental rotation characteristics. Our catalog shows that the number of bodies with
long rotation periods are underestimated by all previous ground-based surveys, at least an order of magnitude
[Pál et al., 2020].

Hildas orbit at 2:3 mean motion resonance with Jupiter and show a mixed taxonomy suggesting mixed
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origin, with members migrated to the current orbit either from the outer Main Belt or from the Trojans
swarms. We identified 125 individual light curves observed in the K2 mission. We found that despite the
mixed taxonomies the Hilda group highly resembles the Trojans in the distribution of rotation periods and
amplitudes, and even the LR group (mostly C- and X-type) Hildas follow this rule. Contrary to the Main Belt,
the Hilda group lacks the very fast rotators. The ratio of extremely slow rotators (P>100 hr) is a surprising
18%, which is unique in the solar system. The occurrence rate of asteroids with multiple periods (4%) and
with three maxima in the light curves (5%) can be signs of a high rate of binarity, estimated as 25% within the
Hilda group [Szabó et al., 2020].

Light curves of ten Centaurs from K2 measurements: We analysed the visible range light curves of ten
Centaurs using Kepler/K2 data. Well defined periodic light curves are obtained in six cases allowing us to
derive rotational periods, a notable increase in the number of Centaurs with known rotational properties.
(463368) 2012 VU85 has the longest rotation period, P=56.2 h observed among Centaurs. Two targets with
P>20 h are identified as binary candidates [Marton et al., 2020].

We studied the photometric properties of 45 Jovian Trojans from the K2 mission and phase-folded light
curves for 44 targets, including (11351) Leucus, a Lucy mission target. There is a dichotomy in the periods of
Trojans with a separation at ∼100 hr – 25% of the sample are slow rotators (P ≥ 30 hr), an excess that can
be attributed to binaries. 32 systems can be classified as potential detached binaries. Both the spin barrier
and strengthless ellipsoid models indicate low densities and thus compositions similar to that of comets and
trans-Neptunian objects, supporting the scenario of outer solar system origin for Jovian Trojans [Kalup et al.,
2021].

We analysed the distribution of rotation periods and light curve amplitudes in 17 Main Belt asteroid
families based on 10,000 light curves in the TSSYS-DR1 asteroid light curve database. The distribution of
the light curve properties follow a family-specific character in the Hungaria, Maria, Juno and Eos families, and
distributions in the other large families are in general very similar to each other. Older families tend to contain
a larger fraction of rounded, low-amplitude asteroids. Rotation period distributions are different in the cores
and outskirts of the Flora and Maria families, while the Vesta, Eos and Eunomia families lack this feature. We
also confirm that very fast spinning asteroids are close to spherical (or spinning top shapes), and minor planets
rotating slower than 11 hour are also more spherical than asteroids in the 4–8 hour period range [Szabó et al.,
2022].

Characterisation of solar system small bodies with thermal emission data

A group of trans-Neptunian objects (TNOs) are dynamically related to the dwarf planet (136108) Haumea.
Ten of them show strong indications of water ice on their surfaces, are assumed to have resulted from a collision,
and are accepted as the only known TNO collisional family. Nineteen other dynamically similar objects lack
water ice absorptions and are hypothesized to be dynamical interlopers. In this work we reported on the results
of thermal infrared observations with the Herschel Space Observatory to determine sizes and geometric albedos
of six of the accepted Haumea family members and one dynamical interloper. We compared the individual
and statistical properties of the family members and interlopers, examining the size and albedo distributions of
both groups. We also examined implications for the total mass of the family and their ejection velocities. The
detected Haumea family members have a diversity of geometric albedos 0.3-0.8, which are higher than geometric
albedos of dynamically similar objects without water ice. The median geometric albedo for accepted family
members is pV = 0.48, compared to 0.08 for the dynamical interlopers. In the size range D= 175–300 km, the
slope of the cumulative size distribution is q = 3.2 for accepted family members, steeper than the q = 2.0 slope
for the dynamical interlopers with D< 500 km. The total mass of Haumea’s moons and family members is 2.4%
of Haumea’s mass. The ejection velocities required to insert them on their current orbits show a dependence
on diameter, with a power-law slope of 0.21-0.50 [Vilenius et al., 2018].

The recent occultation measurement of the dwarf planet Haumea (Ortiz et al. 2017) revealed an elongated
shape with the longest axis comparable to Pluto’s mean diameter. The chords also indicate a ring around
Haumea’s equatorial plane, where its largest moon, Hi’iaka, is also located. The Haumea occultation size
estimate (equivalent diameter 1595 km) is larger than previous radiometric solutions (in the range between
1150 and 1350 km), which lowers the object’s density to about 1.8 g cm−3, a value closer to the densities of
other large TNOs. In this work we presented unpublished and also reprocessed Herschel and Spitzer MIR
and FIR measurements. We compared 100 and 160µm thermal lightcurve amplitudes - originating from
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Haumea itself - with models of the total measured system fluxes (ring, satellite, Haumea) from 24-350µm. The
combination with results derived from the occultation measurements show that Haumea’s crystalline water ice
surface must have a thermal inertia of 5 SIu. We also have indications that the satellites (at least Hi’iaka)
must have high geometric albedos ≥ 0.5, otherwise the derived thermal amplitude would be inconsistent with
the total measured system fluxes at 24, 70, 100, 160, 250, and 350µm. The high albedos imply sizes of about
300 and 150 km for Hi’iaka and Namaka, respectively, indicating unexpectedly high densities >1.0 g cm−3

for TNOs this small, and the assumed collisional formation from Haumea’s icy crust. We also estimated the
thermal emission of the ring for the time period 1980-2030, showing that the contribution during the Spitzer
and Herschel epochs was small, but not negligible. Due to the progressive opening of the ring plane, the ring
emission will be increasing in the next decade when JWST is operational. In the MIRI 25.5µm band it will
also be possible to obtain a very high-quality thermal lightcurve to test the derived Haumea properties [Müller
et al., 2019].

Based on thermal emission measurements with Herschel/PACS and Spitzer/MIPS we determined size,
albedo, and surface thermal properties for 23 objects using radiometric modeling, first time for a notable
sample of TNOs in the outer resonances. The objects show a large variety of beaming factors, indicating a
diversity of thermal properties, and they follow the albedo-color clustering identified earlier for Kuiper belt
objects and Centaurs [Farkas-Takács et al., 2020].

We have created the "Small Bodies: Near and Far Infrared Database", a tool intended to facilitate the
modelling of thermal emission of small bodies. It contains data of large surveys and a collection of small
body observations of infrared space telescopes, and provides a web interface to access these data. As an
immediate application we showed how different scaling of thermal inertia with heliocentric distance may affect
our interpretation of the data and discussed why the widely-used radiative conductivity exponent (α=-3/4)
might not be adequate in general [Szakáts et al., 2020].

We used Herschel PACS data (70, 100, 160 µm) and state-of-the-art shape models derived from adaptive-
optics observations and/or optical light curves to constrain for the first time the thermal inertia of twelve large
main-belt asteroids. Using the scale as a free parameter, most targets required a re-scaling 5% consistent with
what would be expected given the absolute calibration error bars. We obtained low thermal inertia values,
typical of large main belt asteroids studied before, supporting the notion that these surfaces are covered by
fine-grained insulating regolith. We also proposed a new approach to examine how different values of the
exponent used for scaling the thermal inertia as a function of heliocentric distance affect the interpretation of
the results [Alí-Lagoa et al., 2020].

Results from the TESS mission showed that previous studies strongly underestimated the number of slow
rotators. For most slowly rotating asteroids (P> 12 h), no spin and shape model is available because of observa-
tion selection effects. This hampers determination of their thermal parameters and accurate sizes. Our goal in
this study was to provide their scaled spin and shape models together with thermal inertia, albedo, and surface
roughness to complete the statistics. Rich multi-apparition datasets of dense light curves are supplemented
with data from Kepler and TESS. In addition to data in the visible range, we also use thermal data from
infrared space observatories in a combined optimisation process using the Convex Inversion Thermophysical
Model. We present the models of 16 slow rotators. All provide good fits to both thermal and visible data. The
obtained sizes are on average accurate at the 5% precision, with diameters in the range from 25 to 145 km.
The rotation periods of our targets range from 11 to 59 hours, and the thermal inertia covers a wide range,
not showing any correlation with the period. With this work we increase the sample of slow rotators with
reliable spin and shape models and known thermal inertia by 40%. The thermal inertia values of our sample do
not display a previously suggested increasing trend with rotation period, likely due to their small skin depth
[Marciniak et al., 2021].

Dust and surface materials

We investigated the dynamics of dust particles in the ring around dwarf planet Haumea. The point mass
gravitational force, a second degree and order gravity field, and the solar radiation pressure as the main
perturbations have been considered. The quasi-stationary state of the ring varies for different micron-sized
grains and depends also on the spin-orbit resonances between the rotation rate of the main body and the
orbital period of the dust particles. The simulations confirm the variable radial width of the ring observed
during the transit ingress and egress. Results show that the micron-sized grains, initially on circular orbits,
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become eccentric and form an apse-aligned ring at the observed radial distance near to the 3:1 spin-orbit
resonance. It is also demonstrated that this coincidence is only apparent and independent of 3:1 resonance
[Kovács and Regály, 2018].

2012 DR30 is one of the known solar system objects with the largest aphelion distance, exceeding 2200 au,
on a high inclination orbit (i = 78°). It has been recognized to be either a borderline representative of high
inclination, high perihelion distance (HiHq) objects, or even a new class of bodies, similar to HiHq objects for
orbit but with an aphelion in the inner Oort Cloud. Here, we present photometry using long-term data from 2000
to 2013 taken by the SDSS sky survey, ESO MPG 2.2 m and McDonald 2.1 m telescopes, and a visual+near-
infrared spectrum taken with the Southern Astrophysical Research Telescope and Magellan telescopes, providing
insights into the surface composition of this body. Our best fit suggests that the surface contains 60% of complex
organics (30% of Titan and 30% of Triton tholins) with a significant fraction of ice (30%, including pure water
and water with inclusions of complex organics) and 10% silicates. The models also suggest a low limit of
amorphous carbons, and hence the fragmentation of long-chained complex organics is slower than their rate of
generation. 2012DR30 just recently passed the perihelion, and the long-term photometry of the object suggested
ambiguous signs of activity, since the long-term photometric scatter well exceeded the supposed measurement
errors and the expected brightness variation related to rotation. Photometric colors put 2012 DR30 exactly
between dark neutral and red objects, thus it either can be in a transition phase between the two classes or
have differing surface properties from these populated classes [Szabó et al., 2018].

While the dust material of debris disks is rather well studied, their possible gas content has been remained
less explored so far. Nevertheless, investigations over the recent years revealed gas in emission in seventeen
debris disks. The observed cold gas is located at radial distances larger than ∼20au and is generally attributed
to collisions of icy bodies in exosolar analogues of our Kuiper-belt. To investigate the presence of gas in the inner
regions of 15 known gas-bearing systems we obtained high-resolution optical spectra for them and searched for
non-photospheric absorptions of circumstellar origin. Narrow, stable Ca II and/or Na I absorption features
have been detected superimposed to the photospheric lines in 10 systems. Some stars also present transient
variable events or absorptions extended towards red wavelengths. The observed features is thought to arise
from relatively hot gas situated close to the star. This gas is likely released from evaporation of exocomets and
dust grains, or grain-grain collisions [Rebollido et al., 2018].

Extreme debris disks (EDDs) are rare systems with peculiarly large amounts of warm dust that may stem
from recent giant impacts between planetary embryos during the final phases of terrestrial planet growth. In
this study we identified and characterised six new EDDs. These disks surround F5-G9 type main-sequence
stars with ages >100 Myr, have dust temperatures higher than 300 K, and fractional luminosities between 0.01
and 0.07. Using time-domain photometric data at 3.4 and 4.6µm from the WISE all-sky surveys, we conclude
that four of these disks exhibited variable mid-infrared (IR) emission between 2010 and 2019. Analyzing the
sample of all known EDDs, now expanded to 17 objects, we find that 14 of them showed changes at 3-5µm over
the past decade, suggesting that mid-IR variability is an inherent characteristic of EDDs. We also report that
wide-orbit pairs are significantly more common in EDD systems than in the normal stellar population. While
current models of rocky planet formation predict that the majority of giant collisions occur in the first 100Myr,
we find that the sample of EDDs is dominated by systems older than this age. This raises the possibility that
the era of giant impacts may be longer than we think, or that some other mechanism(s) can also produce
EDDs. We examined a scenario where the observed warm dust stems from the disruption and/or collisions of
comets delivered from an outer reservoir into the inner regions, and explored what role the wide companions
could play in this process [Moór et al., 2021].

Complex shape, internal structure, tidal and chemical evolution models of
asteroids and dwarf planets

The satellite of (225088) 2007 OR10 Gonggong was discovered on archival Hubble Space Telescope images and
along with new observations with the WFC3 camera in late 2017 we have been able to determine the orbit.
The orbit’s notable eccentricity, e≈0.3, may be a consequence of an intrinsically eccentric orbit and slow tidal
evolution, but may also be caused by the Kozai mechanism. Dynamical considerations also suggest that the
moon is small, Deff < 100 km. Based on the newly determined system mass of 1.75x1021 kg, 2007 OR10 is
the fifth most massive dwarf planet after Eris, Pluto, Haumea and Makemake. The newly determined orbit
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has also been considered as an additional option in our radiometric analysis, provided that the moon orbits in
the equatorial plane of the primary. Assuming a spherical shape for the primary this approach provides a size
of 1230±50 km, with a slight dependence on the satellite orbit orientation and primary rotation rate chosen,
and a bulk density of 1.75±0.07 g cm−3 for the primary. A previous size estimate that assumed an equator-on
configuration (1535+75

−225 km) would provide a density of 0.92+0.46
−0.14 g cm−3, unexpectedly low for a 1000 km-sized

dwarf planet [Kiss et al., 2019].
(10) Hygiea is the fourth largest main belt asteroid. It suffered a giant impact ∼2 Gyr ago, the origin

of one of the largest asteroid families. We performed high-angular-resolution imaging observations of Hygiea
with the VLT/SPHERE instrument (∼20 mas at 600 nm) that reveal a basin-free nearly spherical shape with a
volume-equivalent radius of 217±7 km, implying a density of 1944±250 kgm−3. We determined a new rotation
period for Hygiea of ∼13.8 h. Numerical simulations of the family-forming event show that Hygiea’s spherical
shape and family can be explained by a collision with a large projectile (∼75-150 km). Hygiea appears to
be nearly as spherical as Ceres, opening up the possibility for this object to be reclassified as a dwarf planet
[Vernazza et al., 2020].

(704) Interamnia is the fifth largest main belt asteroid (∼330km), filling the gap between the largest bodies
(Ceres, Vesta, Pallas, Hygiea) and the smaller asteroids. We tested at what size and mass the shape of a
small body departs from a nearly ellipsoidal equilibrium shape to an irregular shape as observed for smaller
(D≤200km) bodies. We observed Interamnia with ESO VLT/SPHERE, and several new optical lightcurves were
recorded. We used the All-Data Asteroid Modeling algorithm to construct a 3D-shape model and determine
its spin state. Interamnia’s volume-equivalent diameter of 332±6 km implies a bulk density of ρ = 1.98±0.68
g/cm3, suggesting a high fraction of water ice. Our observations reveal an ellipsoidal shape compatible with a
fluid hydrostatic equilibrium at the 2σ level. The regular shape of Interamnia implies that the size and mass
limit under which the shapes of minor bodies become irregular, has to be searched among smaller (D≤ 300 km)
and less massive (m≤ 3×1019 kg) bodies [Hanuš et al., 2020].

Gaia will determine the mass of hundreds of large main belt asteroids. Diameter estimates are based in
most cases on simple thermal models, leading to volume uncertainties of 20-30%. We determined the 3D shape
models and computed the volumes for 13 main belt Gaia asteroids, using the Shaping Asteroids with Genetic
Evolution (SAGE) algorithm. These models were scaled by fitting them to available stellar occultation and/or
thermal infrared observations. From our volumes it is possible to compute the bulk density, a fundamental
physical property needed to understand the formation and evolution of small bodies [Podlewska-Gaca et al.,
2020].

We developed an improved algorithm to model the serpentinization process in planetesimals in the early
Solar system. Our model is based on the model by Gobi & Kereszturi (2017), but contains improvements in the
consideration of heat capacities and lithospheric pressure, and in the calculation of the amount of interfacial
water. Comparison of our results with previous calculations show that there are significant differences in e.g.
the serpentinization time – the time necessary to consume most of the reactants at specific initial conditions
– or the amount of heat produced by this process. We show that in icy bodies below the melting point of
water ice, serpentinization reaction using interfacial water may be able to proceed and eventually push the
local temperature above the melting point to start a ’runaway’ serpentinization. In objects with radii R≥ 200
km serpentinization might have reformed nearly the whole interior of these bodies in the early Solar system.
[Farkas-Takács et al., 2022].

Concept papers for future instrumentation

The Transiting Exoplanet Survey Satellite (TESS) observes nearly the full sky, and provides timeseries imaging
data in ∼27-day-long campaigns. TESS is equipped with four cameras, each of which has a field of view of 24
deg by 24 deg. During the first two years of the primary mission, one of these cameras, Camera #1, is going
to observe fields centered at an ecliptic latitude of 18 deg. While the ecliptic plane itself is not covered during
the primary mission, the characteristic scale height of the main asteroid belt and Kuiper Belt implies that a
significant amount of small solar system bodies will cross this camera’s field of view. Based on the comparison
of the expected amount of information of TESS and Kepler/K2, we computed the cumulative étendues of the
two optical setups. This comparison results in roughly comparable optical étendues, however, the net étendue
is significantly larger in the case of TESS because all of the imaging data provided by the 30-minute cadence
frames are downlinked. In addition, many principles of the data acquisition and optical setup are clearly
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different. TESS will yield timeseries photometry, and hence rotational properties for only brighter objects, but
in terms of spatial and phase space coverage, this sample will be more homogeneous and more complete. In
this study we reviewed the main analogs and differences between the Kepler/K2 mission and the TESS mission,
focusing on scientific implications and possible yields related to our solar system [Pál et al., 2018].

The trans-Neptunian worlds are key to understanding the past history and the present geology of our solar
system. In this Decadal Survey white paper we presented compelling scientific arguments for expanding our
knowledge of this extremely diverse population of minor bodies through flybys of a wide range of sizes of
TNOs, including dwarf planets and binary TNOs. We provided summaries of the state of knowledge of fifteen
major TNOs, together with overviews of key smaller populations. Planning for future missions by international
agencies has begun to shift towards combined missions to Centaurs, the ice giant planets, and TNOs, which
benefits both scientific opportunities and logistics. Gravity assists from ice giants can be used for travel to
distant TNOs, while at the same time returning valuable science on the ice giants and their ring and satellite
systems. Trajectories to high-priority distant targets also include close approach opportunities to multiple
other TNOs, in addition to remote observations of nearby TNOs [Holler et al., 2021].

We studied the feasibility and scientific potential of young stellar object measurements, the actual hosts of
the planet formation process, as ancillary observations with the ESA’s ARIEL space mission. We compiled a
list of potentially interesting young stars: FUors, systems harbouring extreme debris discs and a larger sample
of young stellar objects showing strong near/mid-infrared excess, and representing the early stages of planet
formation. These objects can be observed as additional targets in the waiting times between the scheduled
exoplanet transit and occultation observations. It was concluded that approximately 99.2% of the available
gaps could be used effectively. This corresponds to an additional 2881 ± 56 hours of active data gathering.
A typical signal-to-noise ratio of ∼104 can be achieved along the whole spectral window covered by ARIEL
[Gyürüs et al., 2021].

Conference organisation

We organised the workshop "Thermal Models in Planetary Science 3" supported partly by the Horizons 2020
project "Small Bodies: Near and Far", and by the Hungarian Academy of Sciences, between February 20-22,
2019. The main topic was the modelling and interpretation of thermal emission measurements of small, airless
bodies in our Solar System, near-Earth, main-belt and trans-Neptunian objects, satellites, and our Moon.
This focus workshop had more than 70 participants from 20 countries. More information can be found on the
workshop’s webpage: http://thermops2019.hu/

We also organized a successful special ’Small Body Surveys’ session in the Europlanet Science Congress
2020 (conveners: Cs. Kiss and A. Pál).

Observing time proposals

We have been awarded with observing time in three consecutive years to measure the thermal emission of the
ring of Haumea, in band-7 of the Atacama Large Millimetre Array (ALMA), to resolve and image it for the
first time. However, due to bad weather conditions and later due to the COVID situation these measurements
could not have been performed.

The James Webb Space Telescope measurements mentioned in the original work plan could not have been
done due to the delayed launch of the JWST.

Project team

The project team broadly consisted of the persons predefined at the start of the project. Vera Dobos was
employed as a post-doc for a short period of time, but the remaining post-doc funding could not have been
used to employ a dedicated post-doc due to the COVID-19 situation. Instead, we used this funding to keep the
project members A. Farkas-Takács and R. Szakáts on the project, partly financing their salaries. Cs. Kalup,
V. Kecskeméthy and P. Sági also participated in the team’s work as students.
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V. Perig, F. Pilcher, P. Pinel, E. Podlewska-Gaca, T. Polakis, F. Richard, T. Rodrigues, E. Rondón, R. Roy, J. J. Sanabria, T. Santana-Ros,
B. Skiff, J. Skrzypek, K. Sobkowiak, E. Sonbas, G. Stachowski, J. Strajnic, P. Trela, Ł. Tychoniec, S. Urakawa, E. Verebelyi, K. Wagrez,
M. Żejmo, and K. Żukowski. Properties of slowly rotating asteroids from the Convex Inversion Thermophysical Model. A&A, 654:A87,
October 2021. doi: 10.1051/0004-6361/202140991.

Gábor Marton, Csaba Kiss, László Molnár, András Pál, Anikó Farkas-Takács, Gyula M. Szabó, Thomas Müller, Victor Ali-Lagoa, Róbert
Szabó, József Vinkó, Krisztián Sárneczky, Csilla E. Kalup, Anna Marciniak, Rene Duffard, and László L. Kiss. Light curves of ten Centaurs
from K2 measurements. Icarus, 345:113721, July 2020. doi: 10.1016/j.icarus.2020.113721.

L. Molnár, A. Pál, K. Sárneczky, R. Szabó, J. Vinkó, Gy. M. Szabó, Cs. Kiss, O. Hanyecz, G. Marton, and L. L. Kiss. Main-belt Asteroids
in the K2 Uranus Field. ApJS, 234(2):37, February 2018. doi: 10.3847/1538-4365/aaa1a1.

Attila Moór, Péter Ábrahám, Gyula Szabó, Krisztián Vida, Gianni Cataldi, Alíz Derekas, Thomas Henning, Karen Kinemuchi, Ágnes Kóspál,
József Kovács, András Pál, Paula Sarkis, Bálint Seli, Zsófia M. Szabó, and Katalin Takáts. A New Sample of Warm Extreme Debris Disks
from the ALLWISE Catalog. ApJ, 910(1):27, March 2021. doi: 10.3847/1538-4357/abdc26.

T. Müller, Cs. Kiss, V. Alí-Lagoa, J. L. Ortiz, E. Lellouch, P. Santos-Sanz, S. Fornasier, G. Marton, M. Mommert, A. Farkas-Takács,
A. Thirouin, and E. Vilenius. Haumea’s thermal emission revisited in the light of the occultation results. Icarus, 334:39–51, December
2019. doi: 10.1016/j.icarus.2018.11.011.

J. L. Ortiz, P. Santos-Sanz, B. Sicardy, G. Benedetti-Rossi, D. Bérard, N. Morales, R. Duffard, F. Braga-Ribas, U. Hopp, C. Ries, V. Nascim-
beni, F. Marzari, V. Granata, A. Pál, C. Kiss, T. Pribulla, R. Komžík, K. Hornoch, P. Pravec, P. Bacci, M. Maestripieri, L. Nerli,
L. Mazzei, M. Bachini, F. Martinelli, G. Succi, F. Ciabattari, H. Mikuz, A. Carbognani, B. Gaehrken, S. Mottola, S. Hellmich, F. L. Rom-
mel, E. Fernández-Valenzuela, A. Campo Bagatin, S. Cikota, A. Cikota, J. Lecacheux, R. Vieira-Martins, J. I. B. Camargo, M. Assafin,
F. Colas, R. Behrend, J. Desmars, E. Meza, A. Alvarez-Candal, W. Beisker, A. R. Gomes-Junior, B. E. Morgado, F. Roques, F. Vachier,
J. Berthier, T. G. Mueller, J. M. Madiedo, O. Unsalan, E. Sonbas, N. Karaman, O. Erece, D. T. Koseoglu, T. Ozisik, S. Kalkan, Y. Guney,
M. S. Niaei, O. Satir, C. Yesilyaprak, C. Puskullu, A. Kabas, O. Demircan, J. Alikakos, V. Charmandaris, G. Leto, J. Ohlert, J. M.
Christille, R. Szakáts, A. Takácsné Farkas, E. Varga-Verebélyi, G. Marton, A. Marciniak, P. Bartczak, T. Santana-Ros, M. Butkiewicz-Bąk,
G. Dudziński, V. Alí-Lagoa, K. Gazeas, L. Tzouganatos, N. Paschalis, V. Tsamis, A. Sánchez-Lavega, S. Pérez-Hoyos, R. Hueso, J. C.
Guirado, V. Peris, and R. Iglesias-Marzoa. The size, shape, density and ring of the dwarf planet Haumea from a stellar occultation. Nature,
550(7675):219–223, October 2017. doi: 10.1038/nature24051.

J. L. Ortiz, P. Santos-Sanz, B. Sicardy, G. Benedetti-Rossi, R. Duffard, N. Morales, F. Braga-Ribas, E. Fernández-Valenzuela, V. Nascimbeni,
D. Nardiello, A. Carbognani, L. Buzzi, A. Aletti, P. Bacci, M. Maestripieri, L. Mazzei, H. Mikuz, J. Skvarc, F. Ciabattari, F. Lavalade,
G. Scarfi, J. M. Mari, M. Conjat, S. Sposetti, M. Bachini, G. Succi, F. Mancini, M. Alighieri, E. Dal Canto, M. Masucci, M. Vara-Lubiano,
P. J. Gutiérrez, J. Desmars, J. Lecacheux, R. Vieira-Martins, J. I. B. Camargo, M. Assafin, F. Colas, W. Beisker, R. Behrend, T. G. Mueller,
E. Meza, A. R. Gomes-Junior, F. Roques, F. Vachier, S. Mottola, S. Hellmich, A. Campo Bagatin, A. Alvarez-Candal, S. Cikota, A. Cikota,
J. M. Christille, A. Pál, C. Kiss, T. Pribulla, R. Komžík, J. M. Madiedo, V. Charmandaris, J. Alikakos, R. Szakáts, A. Farkas-Takács,
E. Varga-Verebélyi, G. Marton, A. Marciniak, P. Bartczak, M. Butkiewicz-Bak, , G. Dudziński, V. Alí-Lagoa, K. Gazeas, N. Paschalis,
V. Tsamis, J. C. Guirado, V. Peris, R. Iglesias-Marzoa, C. Schnabel, F. Manzano, A. Navarro, C. Perelló, A. Vecchione, A. Noschese, and
L. Morrone. The large trans-Neptunian object 2002 TC302 from combined stellar occultation, photometry, and astrometry data. A&A,
639:A134, July 2020. doi: 10.1051/0004-6361/202038046.

András Pál, László Molnár, and Csaba Kiss. TESS in the Solar System. PASP, 130(993):114503, November 2018. doi: 10.1088/1538-
3873/aae2aa.

8



András Pál, Róbert Szakáts, Csaba Kiss, Attila Bódi, Zsófia Bognár, Csilla Kalup, László L. Kiss, Gábor Marton, László Molnár, Emese
Plachy, Krisztián Sárneczky, Gyula M. Szabó, and Róbert Szabó. Solar System Objects Observed with TESS—First Data Release: Bright
Main-belt and Trojan Asteroids from the Southern Survey. ApJS, 247(1):26, March 2020. doi: 10.3847/1538-4365/ab64f0.

E. Podlewska-Gaca, A. Marciniak, V. Alí-Lagoa, P. Bartczak, T. G. Müller, R. Szakáts, R. Duffard, L. Molnár, A. Pál, M. Butkiewicz-Bąk,
G. Dudziński, K. Dziadura, P. Antonini, V. Asenjo, M. Audejean, Z. Benkhaldoun, R. Behrend, L. Bernasconi, J. M. Bosch, A. Chapman,
B. Dintinjana, A. Farkas, M. Ferrais, S. Geier, J. Grice, R. Hirsh, H. Jacquinot, E. Jehin, A. Jones, D. Molina, N. Morales, N. Parley,
R. Poncy, R. Roy, T. Santana-Ros, B. Seli, K. Sobkowiak, E. Verebélyi, and K. Żukowski. Physical parameters of selected Gaia mass
asteroids. A&A, 638:A11, June 2020. doi: 10.1051/0004-6361/201936380.

I. Rebollido, C. Eiroa, B. Montesinos, J. Maldonado, E. Villaver, O. Absil, A. Bayo, H. Canovas, A. Carmona, Ch. Chen, S. Ertel, A. Garufi,
Th. Henning, D. P. Iglesias, R. Launhardt, R. Liseau, G. Meeus, A. Moór, A. Mora, J. Olofsson, G. Rauw, and P. Riviere-Marichalar. The
co-existence of hot and cold gas in debris discs. A&A, 614:A3, June 2018. doi: 10.1051/0004-6361/201732329.

F. L. Rommel, F. Braga-Ribas, J. Desmars, J. I. B. Camargo, J. L. Ortiz, B. Sicardy, R. Vieira-Martins, M. Assafin, P. Santos-Sanz, R. Duffard,
E. Fernández-Valenzuela, J. Lecacheux, B. E. Morgado, G. Benedetti-Rossi, A. R. Gomes-Júnior, C. L. Pereira, D. Herald, W. Hanna,
J. Bradshaw, N. Morales, J. Brimacombe, A. Burtovoi, T. Carruthers, J. R. de Barros, M. Fiori, A. Gilmore, D. Hooper, K. Hornoch,
C. Jacques, T. Janik, S. Kerr, P. Kilmartin, Jan Maarten Winkel, G. Naletto, D. Nardiello, V. Nascimbeni, J. Newman, A. Ossola, A. Pál,
E. Pimentel, P. Pravec, S. Sposetti, A. Stechina, R. Szakáts, Y. Ueno, L. Zampieri, J. Broughton, J. B. Dunham, D. W. Dunham, D. Gault,
T. Hayamizu, K. Hosoi, E. Jehin, R. Jones, K. Kitazaki, R. Komžík, A. Marciniak, A. Maury, H. Mikuž, P. Nosworthy, J. Fábrega Polleri,
S. Rahvar, R. Sfair, P. B. Siqueira, C. Snodgrass, P. Sogorb, H. Tomioka, J. Tregloan-Reed, and O. C. Winter. Stellar occultations enable
milliarcsecond astrometry for Trans-Neptunian objects and Centaurs. A&A, 644:A40, December 2020. doi: 10.1051/0004-6361/202039054.

P. Santos-Sanz, J. L. Ortiz, B. Sicardy, G. Benedetti-Rossi, N. Morales, E. Fernández-Valenzuela, R. Duffard, R. Iglesias-Marzoa, J. L.
Lamadrid, N. Maícas, L. Pérez, K. Gazeas, J. C. Guirado, V. Peris, F. J. Ballesteros, F. Organero, L. Ana-Hernández, F. Fonseca,
A. Alvarez-Candal, Y. Jiménez-Teja, M. Vara-Lubiano, F. Braga-Ribas, J. I. B. Camargo, J. Desmars, M. Assafin, R. Vieira-Martins,
J. Alikakos, M. Boutet, M. Bretton, A. Carbognani, V. Charmandaris, F. Ciabattari, P. Delincak, A. Fuambuena Leiva, H. González,
T. Haymes, S. Hellmich, J. Horbowicz, M. Jennings, B. Kattentidt, Cs Kiss, R. Komžík, J. Lecacheux, A. Marciniak, S. Moindrot,
S. Mottola, A. Pal, N. Paschalis, S. Pastor, C. Perello, T. Pribulla, C. Ratinaud, J. A. Reyes, J. Sanchez, C. Schnabel, A. Selva, F. Signoret,
E. Sonbas, and V. Alí-Lagoa. The 2017 May 20 stellar occultation by the elongated centaur (95626) 2002 GZ32. MNRAS, 501(4):6062–6075,
March 2021. doi: 10.1093/mnras/staa3881.

Gy. M. Szabó, Cs. Kiss, N. Pinilla-Alonso, E. Y. Hsiao, G. H. Marion, J. Györgyey Ries, R. Duffard, A. Alvarez-Candal, K. Sárneczky, and
J. Vinkó. Surface Ice and Tholins on the Extreme Centaur 2012 DR30. AJ, 155(4):170, April 2018. doi: 10.3847/1538-3881/aab14e.

Gyula M. Szabó, Csaba Kiss, Róbert Szakáts, András Pál, László Molnár, Krisztián Sárneczky, József Vinkó, Róbert Szabó, Gábor Marton,
and László L. Kiss. Rotational Properties of Hilda Asteroids Observed by the K2 Mission. ApJS, 247(1):34, March 2020. doi: 10.3847/1538-
4365/ab6b23.

Gyula M. Szabó, András Pál, László Szigeti, Zsófia Bognár, Attila Bódi, Csilla Kalup, Zoltán J. Jäger, László L. Kiss, Csaba Kiss, József
Kovács, Gábor Marton, László Molnár, Emese Plachy, Krisztián Sárneczky, Róbert Szakáts, and Róbert Szabó. Rotation periods and
shape asphericity in asteroid families based on TESS S1-S13 observations. arXiv e-prints, art. arXiv:2202.04372 (accepted for publications
in A&A), February 2022.

Róbert Szakáts, Thomas Müller, Víctor Alí-Lagoa, Gábor Marton, Anikó Farkas-Takács, Evelin Bányai, and Csaba Kiss. Small Bodies: Near
and Far Database for thermal infrared observations of small bodies in the Solar System. A&A, 635:A54, March 2020. doi: 10.1051/0004-
6361/201936142.

Mónica Vara-Lubiano, Nicolás Morales, Flavia Rommel, Jose Luis Ortiz, Bruno Sicardy, Pablo Santos-Sanz, Damya Souami, Felipe Braga-
Ribas, Jure Skvarc, Emmanuel Jehin, Miguel R. Alarcon, Javier Licandro, Miquel Serra-Ricart, Enric Pallé, Hannu Parviainen, Roberto
Vieira-Martins, Josselin Desmars, Rene Duffard, Julio Camargo, Jean Lecacheux, Estela Fernández-Valenzuela, Alvaro Alvarez-Candal,
Bruno Morgado, Gustavo Benedetti-Rossi, Joana Marques Oliveira, Altair Ramos Gomes-Júnior, Rodrigo Boufleur, Stefano Mottola,
Stephan Hellmich, Herman Mikuz, Andras Pàl, Csaba Kiss, Anna Marciniak, Krzysztof Kamiński, Monika K. Kamińska, Yucel Kilic, Metin
Altan, Ramón Iglesias-Marzoa, Hugo González, Alberto Castro-Tirado, Emilio Jesús Fernández-García, Kamil Hornoch, Petr Pravec, Hana
Kučáková, and Kosmas Gazeas. Physical properties of the cubewano 19521 Chaos from a multi-chord stellar occultation. In AAS/Division
for Planetary Sciences Meeting Abstracts, volume 53 of AAS/Division for Planetary Sciences Meeting Abstracts, page 307.11, October
2021.

P. Vernazza, L. Jorda, P. Ševeček, M. Brož, M. Viikinkoski, J. Hanuš, B. Carry, A. Drouard, M. Ferrais, M. Marsset, F. Marchis, M. Birlan,
E. Podlewska-Gaca, E. Jehin, P. Bartczak, G. Dudzinski, J. Berthier, J. Castillo-Rogez, F. Cipriani, F. Colas, F. DeMeo, C. Dumas,
J. Durech, R. Fetick, T. Fusco, J. Grice, M. Kaasalainen, A. Kryszczynska, P. Lamy, H. Le Coroller, A. Marciniak, T. Michalowski,
P. Michel, N. Rambaux, T. Santana-Ros, P. Tanga, F. Vachier, A. Vigan, O. Witasse, B. Yang, M. Gillon, Z. Benkhaldoun, R. Szakats,
R. Hirsch, R. Duffard, A. Chapman, and J. L. Maestre. A basin-free spherical shape as an outcome of a giant impact on asteroid Hygiea.
Nature Astronomy, 4:136–141, February 2020. doi: 10.1038/s41550-019-0915-8.

E. Vilenius, J. Stansberry, T. Müller, M. Mueller, C. Kiss, P. Santos-Sanz, M. Mommert, A. Pál, E. Lellouch, J. L. Ortiz, N. Peixinho,
A. Thirouin, P. S. Lykawka, J. Horner, R. Duffard, S. Fornasier, and A. Delsanti. “TNOs are Cool”: A survey of the trans-Neptunian
region. XIV. Size/albedo characterization of the Haumea family observed with Herschel and Spitzer. A&A, 618:A136, October 2018. doi:
10.1051/0004-6361/201732564.

9


