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Summary

Asteroids are fundamental tracers of Solar System history, yet their physical prop-
erties remain poorly constrained for many objects. Accurate size determination is
particularly critical for deriving bulk densities and interpreting internal structures,
but published estimates often differ by more than 30%, leading to density uncertain-
ties exceeding 90%. This thesis addresses these challenges through the combined use
of photometry, thermophysical modelling, and stellar occultations, applied within
the framework of two long-standing international observing campaigns.

The core result comes from the analysis of 15 main-belt asteroids using the Con-
vex Inversion Thermophysical Model (CITPM) and multichord stellar occultations.
Reconstructed 3D shapes, unique spin axis solutions, and reliable diameters were
obtained. Sizes determined independently with the two methods show excellent
agreement, typically within 5%, with no systematic bias, thereby validating CITPM
as a robust technique when applied to high-quality data. Thermal inertia values
were also derived, ranging from a few up to more than 200 Jm?s~ /2K~ 1, revealing
a diversity of surface properties consistent with both fine and coarse regolith. The
majority of the above-mentioned work was done by the author of this thesis.

In parallel, the author of this thesis contributed to the long-term programme on
slow rotators by processing essential photometric data for spin and shape models
for 16 asteroids with periods up to 60 h. Scaling them with stellar occultations not
only resolved long-standing inconsistencies in their size estimates but also broke
mirror-pole ambiguities, substantially enriching the population of unique asteroid
models of slowly rotating asteroids.

This thesis also presents the thermophysical characterization of the unusual main-belt
asteroid (269) Justitia, which spectroscopic and polarimetric properties suggest an
origin in the trans-Neptunian region. Using CITPM, its size was constrained to a
narrow range of 55-60 km, a fourfold improvement over previous estimates, together
with the first determinations of its thermal inertia and surface roughness. Here,
the contribution ot the thesis author was in the photometric data processing but
also in validating the obtained model. These results aided the telescope deployment
for a special occultation campaign in the US and provided essential input for the
upcoming Emirates MBR Explorer mission, which has Justitia as a prime target.

To support these studies, the author developed two main open source tools written
in Python: STEROID, the pipeline for automated asteroid photometry and the
occultation fitting code. With the former the author processed over a hundred
lightcurves of asteroids studied here. This suite of methods ensures reproducible and
scalable analyses of asteroid properties.

Overall, this work delivers the most precise physical characterisation to date for
a representative set of poorly studied asteroids, confirms the reliability of CITPM
against direct occultation scaling, and provides unique insights into the diversity of
asteroid surface properties, with applications ranging from density determinations to
space mission design.

Key words: asteroids - minor planets of the Solar System - photometry - thermo-
physical model - stellar occultations - asteroid diameters






Streszczenie

Planetoidy zawieraja w sobie unikalny zapis historii Uktadu Stonecznego, a mimo
to na temat wtasnosci fizycznych wielu z nich wiadomo bardzo mato. Dokladne
wyznaczanie ich rozmiarow jest szczegdlnie istotne dla wyliczania gestosci w kontekscie
ich budowy wewnetrznej, tymczasem publikowane warto$ci $rednic nierzadko roéznia
sie o ponad 30%, co powoduje, ze wyznaczona gesto$é obarczona jest niepewnoscia
rzedu 90%. Niniejsza praca podejmuje sie rozwigzania tego problemu poprzez
synergiczne uzycie fotometrii, modelowania termofizycznego oraz zakry¢ gwiazdowych,
opierajac sie na dwoch wieloletnich kampaniach obserwacyjnych.

Gltowny wynik tej pracy pochodzi z analizy pietnastu planetoid Gtéwnego Pasa
przy uzyciu modelu termofizycznego z inwersja wypukta (z ang. CITPM) oraz
bogato pokrytych zjawisk zakry¢ gwiazd przez planetoidy. Odtworzono tu ich
trojwymiarowe ksztalty, uzyskano jednoznaczne rozwigzania na parametry rotacji
oraz miarodajne wartosci srednic. Te ostatnie, wyznaczone niezaleznie z uzyciem obu
wspomnianych metod wykazujg doskonaly zgodno$é, zwykle w granicach 5%, bez
zadnych systematycznych odchytek. Tym samym potwierdzono wiarygodnos¢ metody
CITPM zastosowanej na wysokiej jakosci danych. Wyznaczono rowniez bezwtadnosé
cieplng badanych obiektow, uzyskujac warto$ci w szerokim zakresie of kilku do ponad
dwustu Jm?s~ /2K~ 1, co ukazuje réznorodnoéé wlasnosci ich powierzchni, pokrytych
drobno- oraz gruboziarnistym regolitem. Wiekszo$¢ wspomnianych wyzej zadan
zostata wykonana przez autora niniejszej rozprawy.

Dodatkowo autor brat udziat w wieloletnim projekcie badania planetoid o wolnej
rotacji, przeprowadzajac obrobke danych fotometrycznych niezbednych do uzyska-
nia modeli ksztaltu i rotacji szesnastu planetoid o okresach siegajacych 60 godzin.
Wyskalowanie tych modeli za pomoca zakryé gwiazdowych nie tylko rozwigzato
dhugotrwate niezgodnosci w ich wyznaczanych rozmiarach, ale takze problem niejed-
noznacznosci potozenia osi rotacji, znaczaco wzbogacajac zbiér wolno rotujacych
planetoid o wyznaczonych modelach.

Rozprawa zawiera takze charakterystyke termofizyczna nietypowej planetoidy gtéwnego
pasa, (269) Justitia, ktérej spektralne i polarymetryczne wlasnosci powierzchni
sugeruja pochodzenie tego ciata z rejonu obiektéw transneptunowych. Dzieki uzyciu
metody CITPM, czterokrotnie zawezono mozliwy zakres jej rozmiaréw, ogranicza-
jac go do wartosci 55-60 km. Po raz pierwszy wyznaczono tez jej bezwtladnosci
cieplng i chropowatos$¢ powierzchni. Wktad autora rozprawy polegat tu na obrébcee
danych fotometrycznych, ale tez na weryfikacji otrzymanego modelu. Otrzymane
wyniki wspomogtly rozmieszczenie stacji obserwacyjnych podczas szeroko zakrojonej
kampanii zakryciowej w Stanach Zjednoczonych. Uzyskane tu wyniki stanowa tez
istotne informacje dla planowanej misji agencji kosmicznej Emiratow Arabskich MBR
Explorer, ktorej gléwnym celem jest Justitia.

Dla wsparcia tych badan autor rozprawy stworzyt dwa gtéwne narzedzia napisane w
jezyku Python i udostepnione na licencji open source: kod STEROID, automatyzujacy
fotometrie planetoid oraz narzedzie occultationFit, shuzace do dopasowywania modeli
planetoid do obserwacji zakryciowych. Dodatkowo, za pomocg pierwszego z nich
autor uzyskal ponad sto krzywych blasku badanych tu planetoid. Z potaczenia tych
narzedzi powstal zestaw metod gwarantujacych powtarzalng i skalowalna analize
wtasnosci planetoid.



Podsumowujac, niniejsza praca zawiera najdoktadniejsza jak dotad charakterystyke
reprezentatywnej probki stabo uprzednio zbadanych planetoid, potwierdza wiarygod-
no$¢ metody CITPM weryfikujac jej wyniki za pomoca bezposéredniego skalowania
modeli planetoid do obserwacji zakryciowych oraz daje wyjatkowy wglad w réznorod-
nos¢ cech powierzchni planetoid. Jej dalsze zastosowania siegaja od wyznaczen
gestosci planetoid po planowanie misji kosmicznej.

Stowa kluczowe: planetoidy - mate ciata Uktadu Stonecznego - fotometria - model
termofizyczny - zakrycia gwiazdowe - Srednice planetoid
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Chapter 1

Introduction

1.1 Historic context and current state of the art

Although asteroids are among the celestial objects closest to Earth, their small size
makes them a challenging subject of study. Indeed, since ancient times, the view of
stars has been within our ancestors’ sight — and, under a pristine night sky, even
nebulae and galaxies could be seen. However, the first asteroid was not discovered
until the night of January 1, 1801. When the Italian astronomer Giuseppe Piazzi
was compiling a new star catalogue, he spotted an object that did not appear in
any earlier records: Ceres. In the years that followed, several other similar objects
were brought to light in that same region of the solar system. As early as 1802, the
astronomer Heinrich Olbers discovered (2) Pallas, then (3) Juno was found in 1804
by Karl Harding, and (4) Vesta in 1807 (again by Olbers). The existence of this
quartet of “small planets” between Mars and Jupiter gave rise to the hypothesis
that they might be fragments of a once-complete planet shattered by collision. In
1802, William Herschel even coined the term “asteroid” to distinguish these star-like
points from the true planets. Despite numerous new finds that came afterwards,
asteroids long remained mysterious in their physical properties. Their point-like
appearance in telescopes prevented any direct measurement of their size or shape.
Early diameter estimates for Ceres, for example, proved wildly imprecise: Herschel
himself judged it to be only about 260 km across, based on its brightness relative to
reference stars, whereas in 1811 Johann Schréter guessed a diameter of some 2600
km, an order of magnitude larger. A turning point occurred at the very end of the
nineteenth century with the introduction of photography to astronomy. In 1891, the
astronomer Max Wolf used photographic plates for the first time to ease the detection
of asteroids: in a long-exposure image, these objects show up as short streaks among
the stars. This technological breakthrough triggered a leap in discoveries: whereas
only a few hundred asteroids were known around 1890, their number quickly exceeded
the thousand mark by the early twentieth century.

In 1906, Henry Norris Russell’s paper “On the Light-Variations of Asteroids
and Satellites” (Russell, 1906)) laid the groundwork for asteroid studies. Russell
showed that one can determine an asteroid spin axis position from the shape of its
lightcurves, yet he concluded that its exact three-dimensional form could not be
recovered from lightcurves alone. As a result, asteroids have been modelled as simple
ellipsoids for many decades. Mikko Kaasalainen eventually overturned this impasse
in the 1990s with his now-classic convex inversion method, proving that a unique



convex shape can indeed be extracted. One cannot fault Russell, since the first
commercial computers (UNIVAC I) only appeared in the 1950s, and the first digital
imaging systems for astronomy appeared in the 1970s. By enabling rapid image
acquisition and producing vast amounts of data, they revolutionised the field. It
was precisely the explosion of asteroid lightcurve observations under diverse viewing
geometries, combined with the advent of iterative nonlinear optimisation techniques,
unimaginable during Russell’s time, that made Kaasalainen’s breakthrough possible.
Other observational methods have similarly taken advantage of computational and
technical advances: radar imaging, spectroscopy and thermal-infrared measurements,
just to name a few. For instance, the advent of modern high-speed cameras coupled
with GPS-synchronised timing has enabled the democratisation and worldwide
observations of stellar occultations, which form the basis of the work presented in
this thesis. As technology advanced, the human mind evolved alongside it, adapting
to new possibilities. Thus, new modelling techniques have emerged today, utilising
various types of data or even combining multiple sources to unlock deeper insights.
The work presented in this thesis reflects both aspects, demonstrating technical
advancements as well as enhancing our understanding of asteroid properties. The
next parts will be dedicated to introducing some of these techniques and their impact
on the field of asteroid studies.

1.2 Asteroid observing techniques and their sig-
nificance

1.2.1 Scientific relevance of asteroids

Asteroids hold a uniquely important place in planetary science as primitive remnants
of the early Solar System. In our current understanding, asteroids, large ones in
particular, are direct survivors of the original planetesimals that coalesced into
planets, and as such they retain a relatively pristine record of the Solar System initial
conditions from ~4.6 billion years ago (Bottke et al., [2002). Their physical and
orbital diversity today, spanning a range of compositions from primitive carbonaceous
bodies to molten or aqueously processed fragments, provides powerful constraints on
models of large planets formation and migration. For instance, the unexpected mixing
of asteroid types across the main belt (e.g. inner-belt asteroids with compositions
of colder outer regions and vice versa) or across much larger distances, like in
the case of asteroid Justitia (Hasegawa et all 2021)), is best explained by early
planetary migration events (such as inward-then-outward wandering of Jupiter) that
redistributed small bodies throughout the protoplanetary disk (Walsh et al., 2011,
DeMeo & Carry 2013)). In this way, the asteroid belt serves as a “living fossil” of
Solar System evolution, preserving evidence of the accretion, collision and dynamical
processes that shaped the planets. Studying asteroids thus offers a window into the
conditions of planet formation that would otherwise be inaccessible by examining
the evolved planets alone.

Asteroids are also fundamentally linked to the meteorites studied in laboratories,
allowing us to bridge astronomical observations with touchable samples. Orbital
analyses of meteorite falls have confirmed that the vast majority of meteorites
are fragments of asteroids (Borovicka et al., 2015)). These rocks, serendipitously



delivered to Earth, serve as chemical and isotopic archives of asteroidal material,
recording primordial Solar System matter that can be probed in detail in the lab.
Indeed, meteorites (especially the carbonaceous chondrites) contain presolar grains
and organic compounds that shed light on the inventory of water-bearing minerals
and organic molecules available during planet formation (Shober et all 2025). One
limitation, however, is that meteorites are often altered by their transit through
Earth atmosphere and residence on our planet. To overcome this, recent sample-
return missions, e.g. JAXA’s Hayabusa2 to Ryugu (Tsuda et al., [2019) and NASA’s
OSIRIS-REx to Bennu (Lauretta et al.,[2019) have collected pristine asteroid material
that has never been contaminated by Earth environment and would not even survive
the atmospheric entry. Analysis of these returned samples, in parallel with meteorite
studies, provides rich information on composition of asteroids and their formation
histories, and calibrates the laboratory findings with respect to known parent bodies.

One of the most important asteroid parameters is their bulk density. That param-
eter is essential for studies of their internal structure and mineralogical composition
to find the link between meteorites and their parent bodies. Asteroids with diameters
greater than 100 km are regarded as primitive and mostly unaltered since their
formation (Morbidelli et al., 2009). In contrast, smaller asteroids are thought to be
fragments resulting from collisions and subsequent reaccumulations, often exhibiting
significant macroporosity, complicating mineralogical studies based on their density.

Beyond their historical record, asteroids have taken on practical significance
through the field of planetary defence. It is now well recognised that asteroid impacts
have played a major role in shaping Earth geological and biological history — a
notable example being the ~10 km asteroid impact at the end of the Cretaceous
period, which is linked to a global mass extinction event. Asteroids continue to
pose a non-negligible impact hazard, motivating international efforts to catalogue
Near-Earth Objects (NEOs) and model impact scenarios. This has culminated in the
first experimental test of asteroid deflection: NASA’s Double Asteroid Redirection
Test (DART) mission in 2022 (Cheng et al., 2023)) successfully demonstrated that a
kinetic impact can measurably alter an asteroid orbit, validating the kinetic impactor
technique as a feasible method of impact hazard mitigation. The success of DART
represents a milestone in translating our scientific understanding of asteroids into
a strategy to protect Earth, and ongoing research on asteroid orbits, compositions,
and internal strength directly informs future defence capabilities.

Recent spacecraft missions have revealed that small asteroids such as Dimorphos
possess extremely loose, rubble-pile structures that undergo surface reshaping under
even modest perturbations. For instance, DART observations indicate that the kinetic
impact triggered not only a deflection but also significant surface restructuring and
particle ejection, suggesting low material strength and mechanical cohesion (Cheng
et al., 2023)). These bodies provide rare natural conditions to study how granular
materials behave under minimal gravitational and cohesive forces — conditions
impossible to reproduce on Earth, as suggested by the observed boulder fracturing
and regolith mobility on Dimorphos (Raducan et al., [2024)). Asteroids studied in
situ inadvertently offer valuable insights into surface mechanics, regolith evolution,
and impact dynamics at a range of scales.

Finally, asteroids are increasingly recognised as potential resources for future
space exploration and industry. Many carbonaceous asteroids (C-types), especially
those coming from the outer main belt, contain water-rich minerals and volatiles that



could be exploited for in-situ resource utilisation (ISRU). Studies have shown that
phyllosilicates and hydrated minerals are widespread in these bodies, as revealed by
both spectroscopic surveys (Rivkin et al., [2002; |[Milliken & Rivkin, [2009) and direct
observations from missions such as Hayabusa2 and OSIRIS-REx (Watanabe et al.|
2017, Lauretta et al., |2017). Water extracted from such materials could enable life
support systems, or could be electrolysed into hydrogen and oxygen for propulsion,
dramatically reducing the need to launch fuel from Earth.

In addition, metal-rich asteroids (M-type) are thought to contain high concen-
trations of platinum-group elements (PGEs), nickel, cobalt, and iron, making them
attractive targets for future space mining (Sonter, |1997, Elvis, 2014)). While current
economic models remain speculative, the strategic importance of rare Earth elements
and PGEs, coupled with their limited availability in terrestrial mines, has motivated
both governmental and private initiatives to investigate asteroid mining (Hein et al.,
2020). Some estimates suggest that a single metallic asteroid of ~1 km diameter
could contain more platinum than has ever been mined on Earth (Kargel, 1994]).
Although major engineering challenges remain, the concept of harvesting resources
from asteroids is now being actively evaluated in mission concepts and international
roadmaps. As such, asteroids are not only archives of the Solar System past, but
also candidates to support future sustainment and expansion of humanity.

1.2.2 Photometry: brightness variations and rotational clues

Photometry is the measurement of the variations in brightness of celestial objects
over time. By recording and plotting the flux received from a target as a function of
time, astronomers construct lightcurves, fundamental tools for inferring key physical
properties.

The application of photometry to asteroid studies began in the early 20th century.
In 1901, Austrian astronomer Edmund von Oppolzer identified periodic variations in
the brightness of asteroid (433) Eros, producing the first recorded asteroid lightcurve
and providing direct evidence of rotational modulation caused by an elongated,
irregular shape (von Oppolzer, |1901)). Throughout the 20th century, coordinated
observations by professional and amateur astronomers yielded lightcurves for hundreds
of asteroids. These data revealed the diversity of asteroid spin states and shapes,
suggesting that many objects were non-spherical and displaying complex rotational
behaviour (Pravec et al., [2002).

In modern asteroid science, photometry plays a central role in characterising
physical properties such as rotation, shape, and light scattering by their surfaces. Ob-
servations can be classified by two main features: temporal sampling and photometric
calibration. From a temporal perspective, dense photometry refers to high-cadence
observations, typically continuous or regularly spaced measurements over several
hours or nights. These are crucial for deriving rotation periods, resolving short-term
brightness modulations, and constraining detailed shape models, when lightcurves
from multiple apparitions are gathered. In contrast, sparse photometry consists of
isolated brightness measurements acquired over extended time intervals. Although
each observation is temporally disconnected, the cumulative dataset, especially from
large-scale surveys or space missions, offers broad coverage of viewing geometries and
phase angles, enabling statistical modelling and spin-state determination. Apart from
cadence, photometric data may be either relative or absolute. Relative photometry



measures changes in brightness with respect to comparison stars within the same
field, making it particularly effective for rotational lightcurves. Absolute photometry,
on the other hand, requires calibration against standard stars with known fluxes
to determine the intrinsic brightness of the object, and is essential for constructing
phase curves and interpreting surface reflectivity. A key example of sparse, absolute
photometry is provided by ESA’s Gaia mission. With its BP/RP photometric instru-
ments (Gaia Collaboration, Prusti et al.; 2016), Gaia has collected precise brightness
measurements for over 150,000 asteroids across a wide range of solar phase angles
(Tanga et al., 2023). Though temporally sparse, the data are highly complementary
to dense, ground-based relative lightcurves. The synergy of both datasets allows for
robust reconstruction of rotation periods, spin axes, 3D shape models, and calibrated
phase curves (Durech et al., [2019; [Wilawer et al.| 2022)).

Photometry is arguably the most widely applicable method in the characterisation
of small bodies. It extends from fast-rotating Near-Earth Asteroids (NEAs), where
high-cadence data can probe their internal structure and reveal binary systems,
to faint Trans-Neptunian Objects (TNOs), for which sparse surveys remain the
most viable tool. For Main Belt Asteroids (MBAs), long-term monitoring across
multiple apparitions has to date yielded detailed spin and shape models for thousands
of bodies collected in the DAMIT databasd!| (Database for Asteroid Models from
Inversion Techniques, Durech et al.| (2010)). From Hipparchus’s magnitude ranks to
today’s digital sky surveys, photometry has evolved from a qualitative observational
practice into a quantitative basis of planetary science. Lightcurves now serve as
precise diagnostic tools, unveiling the dynamical and structural complexity of small
Solar System bodies beyond the reach of direct imaging.

1.2.3 Infrared observations: thermal emission and size de-
termination

While visible-light photometry provided the first hints of asteroid shapes, infrared
observations provided the first accurate measure of their sizes. At the end of the
XVIII century, Pierre Prévost was the first one to mention that all bodies radiate
heat, no matter how hot or cold they are. This statement was important because it
pointed out the interaction between the light and the temperature. In other terms, a
hot body emits “light”, but received light warms up a body too. Therefore, using
works done on black body, it is possible to build simple thermal models based on
radiative transfer:

(1—A)S = 4eoT* (1.1)

with A being the bolometric Bond albedo, S the solar constant at the orbit of the
asteroid, o the Stefan-Boltzman constant, € the emissivity and 7" the asteroid surface
temperature. In simple terms, this equation describes the equilibrium between the
energy received by an asteroid, considering that the only source of heating is the
Sun (left side of and the energy emitted by the asteroid by radiative emission
(right side of . This model is very simple and assumes a spherical asteroid with
a homogeneous temperature distribution. We will go into details of more complex
models in the section [3.2] Initially, the true challenge was to measure asteroid

Thttps://damit.cuni.cz/



thermal flux. Early attempts to detect asteroid thermal emission in the 1970s,
using ground-based infrared radiometers, were challenging and limited to the largest,
closest asteroids. The breakthrough came in 1983 with the launch of the Infrared
Astronomical Satellite (IRAS), the first all-sky infrared survey (Neugebauer et al.,
1984). IRAS scanned the sky at thermal wavelengths and detected the heat signatures
of hundreds of asteroids. For the first time, diameters and albedos (reflectivities)
could be determined systematically: the infrared flux from an asteroid, combined
with its reflected visible light, yielded a radiometric size estimate via a simple thermal
model. By the end of its mission, IRAS had measured diameters and albedos for
1,884 asteroids using standard at the time thermal modelling approach (Walker,
2003)). This Standard Thermal Model (STM) by |Lebofsky et al. (1986a)), though
simple, was an innovative first step. One can imagine the excitement in the 1980s
as IRAS data revealed that Ceres was about 950 km across, Pallas ~550 km, etc.,
finally putting real numbers to objects that for nearly two centuries had been merely
“points of light".

Infrared asteroid astronomy has since blossomed, especially from space-based
platforms. NASA’s Wide-field Infrared Survey Explorer (WISE, Wright et al., [2010),
launched in 2009, performed an even more sensitive all-sky survey. In its NEOWISE
mission phase (Mainzer et al., 2011), WISE specifically focused on small bodies.
The results have been spectacular: until 2024, the NEOWISE survey alone had
made over 1.5 million infrared measurements of 43,926 different solar system objects,
including more than 1,500 NEOs (Near Earth Objects)ﬂ From these data, diameters
and albedos are being derived using improved thermal models (e.g. the Near-Earth
Asteroid Thermal Model by [Harris|, 1998, which accounts for slow rotation and which
uses a fitted beaming parameter to approximate the combined effects of surface
roughness and finite thermal inertia). NEOWISE provided size estimates for over
1,850 NEAs in particular, greatly improving our knowledge of the size distribution
within the near-Earth population. Main Belt and even Trojan asteroids of Jupiter
have infrared (IR) measurements from WISE and the earlier Japanese Akari space
telescope (Usui et al., [2011). For TNOs, infrared observation is more challenging
(their black-body temperatures are very low); still, the largest TNOs like Pluto, Eris,
or Sedna were detected in far-IR mainly by the Herschel mission in the 2010s, which
helped constrain their sizes (Miller et al., 2020)).

The constant increase of the amount of thermal data, coupled with projects like
"TNOs are cool" (Lellouch et all) 2013) or SBNAF ("Small Bodies: Near and Far”,
Mueller et al., 2016) led to the creation of a public database of expert-reduced thermal
IR observations from all major missions (Szakats et al.), 2020)@, supporting the usage
of more advanced techniques of modelling named thermophysical models (TPMs).
TPMs are a big improvement over STM (Delbo et al., 2015)). Indeed, TPM no longer
considers the shape of asteroids to be spherical and does not assume zero thermal
inertia as STM did. This improvement allowed more accurate size determinations
but also investigation on very subtle physical processes like the Yarkovsky effect (a
force caused by anisotropic thermal re-radiation, Vokrouhlicky et al., 2015]).

2WISE/NEOWISE: https://science.nasa.gov/mission/neowise/ (accessed 24 April 2025).
3SBNAF IR database: https://ird.konkoly.hu/


https://science.nasa.gov/mission/neowise/#:~:text=As%20of%20February%202024%2C%20NEOWISE,of%20the%20universe%20around%20us
https://ird.konkoly.hu/

1.2.4 Astrometry: pinpointing positions and orbits

Astrometry — the measurements of celestial body positions — is the oldest of all
asteroid observing techniques, dating right back to the discovery of Ceres in 1801.
In fact, it was through painstaking astrometric tracking that Gauss was able to
calculate Ceres orbit from just a few observations, inaugurating the era of minor
planet dynamical studies. For much of the 19th and 20th centuries, astrometry was
the only asteroid science: observers would record the coordinates of asteroids against
background stars night after night, enabling the determination of orbits. Historically,
the accuracy of asteroid astrometry improved from perhaps one-arcminute uncertainty
in the 1800s (via filar micrometres and later photographic plates) to the sub-arcsecond
level by the late 20th century with CCDs. The Minor Planet Center (MPC) was
established by the International Astronomical Union as the clearinghouse for all
these observations. Thanks to multiple surveys such as Pan-STARRS (Chambers
et al| 2016), Catalina Sky Survey (Drake et al., 2009) or ATLAS (Tonry et al.,
2018)) and thanks to extremely accurate space missions like Gaia (Gaia Collaboration!
Prusti et al., [2016)), the amount of accurate positional data never stops growing. The
recently started Rubin/LSST survey will also greatly contribute to that (Ivezic¢ et al.)
2019). These data allow not only precise orbit determination but also the detection
of subtle forces acting on asteroids. For example, the cumulative astrometric data of
a small NEA over years can reveal the slight orbital drift caused by the Yarkovsky
effect (Dziadura et al., [2023). Today, more than 340 positive detections have been
made (Fenucci et al., 2024).

Gaia space telescope has further revolutionised asteroid astrometry. Although
designed for mapping stars, Gaia also observed solar system objects. Its Data Release
2 (Gaia Collaboration, Brown et al. 2018)) included ~14,000 asteroids with superb
positional accuracy, and Data Release 3 (Gaia Collaboration, Vallenari et al., 2023)
expanded that to ~158,000 asteroids spanning many families and even some TNOs.
Gaia’s astrometry is so precise (on the order of milliarcseconds) that it can detect
minute anomalies in asteroid motion. For instance, by comparing predicted vs.
Gaia-measured positions, one can sometimes infer the presence of a moon of an
asteroid or detect the slight wobble due to an irregular shape (Liberato et al., 2024)).
In essence, astrometry today not only secures orbits but also opens a door to asteroid
mass and density estimates (via gravitational perturbations) and even tests of physics
(such as confirming general relativity in the solar system or constraining planetary
ephemerides, Shahid-Saless & Yeomans, [1994)).

The importance of precise astrometry depends on the asteroid population. For
NEAs, astrometry supports planetary defence. Every potential Earth-impacting
asteroid is closely tracked astrometrically; the precision of these measurements
determines how far into the future we can predict close approaches or impacts (see
e.g. Reddy et al., 2022). Astrometry also allows detection of tiny orbital changes, so
for NEAs it is the primary way to measure Yarkovsky acceleration that can shift an
asteroid from a harmless orbit into a hazardous one (or vice versa, |Vokrouhlicky et al.|
2015). For MBAs, astrometry helps to identify asteroid families or to determine
perturbations that can reveal mass of an asteroid. For example, when two asteroids
pass relatively close to each other, the slight deviation in their paths — observable
in high-precision astrometry — can be used to estimate their masses (Fienga et al.|
2020)). This has been done for the largest asteroids, contributing to our knowledge
of bulk density and composition (Carry, 2012; Kretlow, [2022). For distant objects,



astrometry is often the only way to study these remote bodies. With few observations,
a TNO orbit remains very uncertain. But with sustained astrometry over years, even
Pluto-distance objects have well-determined orbits. This is crucial for solar system
dynamic studies, for planning spacecraft missions or predicting stellar occultations
by these bodies.

1.2.5 Radar: probing shape, spin and surface from afar

The idea behind radar observation is to bounce radio waves off an asteroid and catch
the returning echo. This technique is highly challenging but remains rewarding. The
first experiment took place in June 1968, when asteroid (1566) Icarus made a close
approach to Earth. Eager to test the power of the newly developed radar astronomy,
scientists at MIT’s Haystack Observatory and NASA’s Goldstone antenna pointed
their dishes at that asteroid. The successful detection of Icarus by radar (Goldstein),
1968)) marked the starting point of radar astronomy for asteroids. Over the next few
decades, as larger radars came online (most notably the 305-m Arecibo Observatory
in Puerto Rico), the technique grew from simple detections to high-resolution imaging.
In the 1970s, only a few asteroids (mostly NEAs) were detected as faint echoes.
By the late 1980s and 1990s, however, pioneers like Steven Ostro had developed
delay-Doppler imaging, wherein the radar echoes are analysed for time delay and
frequency shift, yielding pixelated representations of the asteroid (Ostro, 1993). The
first such radar “pictures” — for instance, of asteroid 4769 Castalia in 1989 — surprised
the community, revealing a contact-binary shape that no telescope on Earth could
have resolved (Hudson & Ostro, 1994). For the first time, humanity had almost
direct images (albeit made by radio waves) of asteroids that were just dots in the
optical light.

The strength of radar lies in the rich information its echoes carry. By timing the
echo return, one gets a distance (range) accurate to tens of meters; by measuring
frequency broadening, one obtains the asteroid rotation speed (Doppler shifts from
the rotating surfaces). Through sophisticated processing, radar can even produce
images with resolution as fine as a few meters in the best cases — Lance Benner says,
some radar images of asteroids “rival the resolutions of spacecraft flyby missions”
E]. These capacities also allow determination of precise size, shape and spin state of
asteroids (e.g. [Hudson & Ostro, [1995| (Cannon et al., 2025). One can also imagine
that using radar to get precise measurements can help to reduce degrees of freedom of
thermophysical models (explained in the section and help to precisely determine
physical properties such as surface roughness and thermal inertia. The practical
importance of radar is most pronounced for NEAs, especially those that come nearest
to Earth. From a planetary defence perspective, radar provides unparalleled orbital
precision. When radar ranging is available, the along-track position of an asteroid
can be pinned down so accurately that we can confidently predict its trajectory for
decades. A great example is 99942 Apophis: optical observations left a lingering
uncertainty that it might impact Earth in 2068, but radar measurements in 2013
and 2021 refined its orbit and helped to eliminate any possibility of it impacting
Earth (Vinogradova et al., 2008, |Pérez-Hernandez & Benet|, 2022)) For MBAs, radar
is generally out of reach — they are too far for the radar signal to return detectably
in most cases (though a few, like Ceres and Vesta, have been attempted). However,

4www.space.com (accessed 30 April 2025).
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radar did play a role in imaging Mars-crossers during favourable oppositions (Ostro
et al., 2001)), and could do so for other large MBAs if transmitters improve.

1.2.6 Spectroscopic analysis: unveiling composition through
light

While photometry and astrometry tell us about the motion and the shape of an
asteroid, reflectance spectroscopy reveals what it is made of. The technique involves
dispersing the light reflected from an asteroid into a spectrum and studying its
slope and absorption characteristics, which are wide dips at specific wavelengths
where certain minerals and molecules absorb light. Asteroid spectroscopy has a
rich historical record. In the 1970s, astronomers achieved the first reliable spectral
measurements of asteroids across visible and near-infrared wavelengths. A landmark
event was in 1970 when McCord and colleagues obtained a high-quality reflectance
spectrum of Vesta (McCord & Chapmanl (1975a,b). They found that its spectrum has
a strong absorption band near 0.9 um (and a weaker one around 0.5 ym), indicative
of pyroxene, a mineral found in basalt. This was the first definitive link found
between an asteroid and a meteorite type: basaltic surface composition of Vesta tied
it to the HED meteorites (howardite-eucrite-diogenite class, |De Sanctis et al, 2013).
Building on early work by Clark Chapman and colleagues, who identified a broad
bimodal distribution of asteroid colours corresponding to carbonaceous (C-type)
and silicate (S-type) surfaces (Chapman et all 1975), the Eight-Color Asteroid
Survey (ECAS) (Zellner et al., |1985) in the late 1970s provided broadband colours
of hundreds of asteroids. Using this dataset, David J. Tholen developed the first
comprehensive asteroid taxonomy in his 1984 PhD thesis, classifying asteroids into
types (C, S, M, D, etc.) based on spectral shape and albedo (Tholen, |1984} Barucci
et al., [1987). Spectroscopy had matured enough that asteroids were no longer seen as
homogeneous; instead, they fell into categories like dark, carbon-rich C-types, stony
S-types, metallic M-types and others, reflecting different compositions and histories.

Today’s spectroscopic techniques are far more advanced and cover a wide wave-
length range from the ultraviolet to near- and mid-infrared. Large telescopes equipped
with spectrographs (on 8-10 m class telescopes like Keck (Wizinowich et al., [2006]),
VLT (Moorwood, 2008), or Subaru (Iye, |2021)) can obtain high-resolution spectra
of asteroids, albeit mostly for brighter (larger or nearer) targets. Even smaller
telescopes can contribute via low-resolution prism or grating spectra. In addition,
earth-bound telescopes and space missions have joined the effort: for example, the
Infrared Telescope Facility (IRTF) in Hawaii routinely measures asteroid spectra in
the 0.8-2.5 pum range (Pajuelo et al., [2018)), and missions like OSIRIS-REx (Lauretta
et al., 2017) or Hayabusa2 (Watanabe et al., 2017 carried onboard spectrometers to
map asteroid mineralogy up close.

A major recent contribution has again come from ESA’s Gaia mission, which in its
2022 data release included average reflectance spectra for over 60,000 asteroids (Tanga
et all 2023). While these Gaia spectra are low-resolution (mostly capturing broad
colour trends), such a huge and homogeneous dataset is unprecedented; essentially,
we have "spectral fingerprints" for tens of thousands of MBAs now. The current
practice combines visible spectra (which probe electronic transitions in some minerals,
revealing silicates, oxides and organics) and infrared spectra (which probe vibrational
modes, crucial for detecting ices and hydrated minerals). For instance, in TNOs



and Centaurs, infrared spectroscopy has detected signatures of water ice, methane,
methanol, and complex organics on their surfaces, hinting at primitive outer solar
system chemistry (Pinilla-Alonso et al. 2020)). In addition, recent JWST (James
Webb Space Telescope) observations show that reflectance spectra of TNOs cluster
into distinct compositional families; most objects fall into two macro-groups, ‘Clift’
and ‘Double-Dip’ (Brunetto et al.l 2025). Within the Cliff family, however, the
spectra split further into two subgroups (Cliffl and Cliff2; with Cliff2 encompassing
both Cold Classicals and more eccentric objects), so depending on the granularity
one can speak of two families (Cliff vs. Double-Dip) or three subgroups (Cliff1, Cliff2,
Double-Dip) (Brunetto et al., 2025)).

In the main belt, spectroscopy is the key to linking asteroids with meteorites: e.g.,
S-type asteroids show the 1 pm olivine/pyroxene band just like ordinary chondrite
meteorites do, whereas C-types have a very flat, featureless spectrum consistent with
carbonaceous chondrites. NEAs are often observed spectroscopically to assess their
composition (particularly if one might be headed our way and we wish to know if
it is metallic or carbonaceous before any deflection mission). Notably, some NEAs
exhibit weathered surfaces with muted spectral features; a discovery by early 2000s
spectroscopists that indicated space weathering alters asteroid surfaces over time
(Nesvorny et al., 2005]).

1.2.7 Stellar occultations: silhouettes in the starlight

The technique that truly brings out the citizen-science spirit is the observing of
stellar occultations by asteroids. An occultation occurs when an asteroid passes in
front of a distant star, momentarily blocking its light for observers along a narrow
path on Earth. For a few seconds (often even less), the star disappears, hidden by the
asteroid, and from the duration of this blink we can deduce the asteroid size (given the
relative speed of this body). Stellar occultation timing is an old trick in astronomy,
historically used to measure planetary diameters (Rubashevskii, [1966) or even to
discover the rings of Uranus (Elliot et al., [1977). However, applying this technique to
asteroids was long thought impractical due to their small sizes and the narrowness of
the shadow paths. It was already 1961 when the first predicted asteroidal occultation
was successfully observedE]. But it was not until 1990s, when occultation attempts
became more common, aided by better asteroid orbit calculations and more observers
ready to watch. Early successes were few (the events are brief and at the time
required multiple observers spread across the path for one of them to successfully
observe it), but each provided something invaluable: a lower bond on an asteroid
diameter, independent of assumptions. In fact, before spacecraft visits, the most
accurate sizes of asteroids like Vesta or a TNO Arrokoth, came from occultation
chords traced by teams of observers |Povenmire| (2001)); Buie et al.| (2020)).

Today, asteroid occultation observations have become highly organised and yield
astonishing precision. Networks such as the International Occultation Timing Asso-
ciation (IOTA)E] and other regional groups coordinate predictions (using up-to-date
orbits from the JPL Horizons and star positions from Gaia DR3), observations, and
reporting. Thanks to inexpensive CCD cameras and specialised high-frame-rate
video cameras coupled with GPS, observers can record occultations with accurate

Shttps://iota-es.de/J0A/J0A2014_4.pdf
STOTA : https://www.iota-es.de/

10


https://iota-es.de/JOA/JOA2014_4.pdf
https://www.iota-es.de/

time-stamps (down to milliseconds), which remain the principal source of uncertain-
ties. Each observation leads to either a positive chord or a negative observation,
depending on the observers’ positions along the true shadow path. Both positive
and negative observations are valuable. Positive chords allow for the reconstruction
of the asteroid silhouette, enabling precise diameter determinations and improving
prediction accuracy for future events. Negative observations, on the other hand, pro-
vide constraints that also contribute to refining predictions and size determinations
if coupled with positive ones.

With current level of precision, it is even possible to detect non-convex shape
irregularities (Buie et al., 2020)). In favourable cases, features like large mountains
or binary companions are revealed (Rommel et al., 2023} |Gault et al., [2022). The
practical role of occultations complements other techniques. For main belt asteroids,
occultations have been especially valuable for large and medium-sized MBAs, where
they provide diameter and albedo constraints that calibrate other methods (e.g. if
an occultation finds an asteroid diameter is 100+5 km, it can validate or refute
an infrared-derived diameter that assumed a certain albedo). Occultations also
sometimes reveal extreme shapes — for example, the asteroid (216) Kleopatra was
found to have a dog-bone shape from occultation chords long before radar imaging
confirmed its two-lobed nature (Dunham et al., 1991} |Ostro et al., 2000)). In the case
of TNOs and other distant objects occultations are often the only way to get a precise
size (since direct imaging is impossible and thermal flux is very weak). A dramatic
example was the dwarf planet Eris: an occultation in 2010 allowed astronomers to
pin down Eris diameter (~2326 km) with a few-kilometer uncertainty, showing it is
slightly smaller in size from Pluto. Occultations have also been used to detect and
study tenuous atmospheres (as in the case of Pluto — a 1988 occultation was when
Pluto thin atmosphere was discovered, Elliot et al.,|1989)), and even rings around small
bodies: the rings of Chariklo (Braga-Ribas et al., 2014)), Haumea (Ortiz et al., [2017))
and Quaoar (Morgado et al., |2023) were discovered via occultation dips in the star
lightcurve before and/or after the main event. For Near-Earth Asteroids, occultation
observations have been successfully conducted, albeit less frequently due to their
smaller sizes and rapid apparent motions. Notably, a multi-chord observation of a
NEA approximately 5-6 km in diameter provided unprecedented details for as small
object as Phaeton (Yoshida et al.,2023)). Additionally, the ACROSS project (Asteroid
Collaborative Research via Occultation Systematic Survey)[] has demonstrated that
combining observations from multiple sites can yield high-resolution information on
the shape and size of NEAs below 1 km in diameter (Souami et al.|, 2023)).

In the context of asteroid modelling, occultation data can be combined with
lightcurve models to produce 3D shape models with accurate absolute scaling. For
instance, a shape model from lightcurve inversion gives the relative shape, but
combining it with an occultation silhouette (which provides an absolute size in
one instance) can scale the entire model to the correct dimensions and refine it.
Occultation timings can also improve asteroid orbital elements, if a predicted shadow
path is off by a certain amount, that indicates the asteroid’s ephemeris (orbit) needs
to be corrected, which in turn sharpens future predictions for both occultations and
close approaches to Earth.

"https://www.oca.eu/fr/home-across
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1.3 Thesis objectives and methodology

In the previous section, we reviewed several observational techniques, some of which
are interdependent, by tracing their development from their origins to modern-day
applications and their impact on different areas of asteroid studies. However, despite
significant progress in the field, much work remains to be done. The number of
known asteroids continues to grow, and so does the need for high-quality data to
obtain precise physical parameters.

In this study, we focus on a selection of main-belt asteroids (MBAs) that have,
until recently, received relatively little attention due to their long periods of rotation
and small amplitudes of their lightcurves (Marciniak et al., 2015). Yet, avoiding
slow rotators distorts our view of the asteroid population as a whole, influencing
theories of the solar system evolution. Our primary objective is to determine their
sizes with high precision and to compare two of the most accurate size determination
methods. This parameter is crucial for many other scientific purposes, for example,
the determination of bulk density. The problem is that for certain asteroids, the size
estimates are poorly constrained, with values in the literature differing by more than
30% (see Table 2 in Marciniak et al., 2023 and Table 1 in |Choukroun et al., 2025,
leading to uncertainties in density determination exceeding 90% (Carry, [2012)). To
address this challenge, we chose to employ two independent techniques, both relying
exclusively on high-quality data, to derive reliable asteroid sizes.

The first method is based on advanced thermophysical modelling, and it is known
as Convex Inversion Thermophysical Model (CITPM, Durech et al., 2017). This
technique, which we describe in chapter [3.2] enables the precise determination of
multiple parameters such as size, surface roughness, and thermal inertia, in addition
to refined spin and shape.

The second approach is purely observational and is based on stellar occultations,
a method renowned for its exceptional accuracy. In both cases, a prerequisite is
the availability of a shape model and a solution for the asteroid’s spin axis position.
Consequently, the first step in our work involves constructing shape models for our
targets from lightcurves and determining their spin states using a technique called
lightcurve inversion (Kaasalainen & Torppa, 2001, [Kaasalainen et al., 2001)), which
is discussed in detail inchapters and [2.4]

The advantage of applying both methods to determine asteroid sizes is twofold:
not only can we compare the results to verify their consistency, but we can also
assess the potential added value of the CITPM approach, opening new possibilities
for future work. Furthermore, beyond the determination of size, this study yields
highly accurate values for the sidereal rotation period, unique spin axis position,
shape models, thermal inertia, surface roughness, and albedo for 15 asteroids. For 17
others (including, a future space mission target) also the spin and shape models were
delivered, while their size was determined with one method only (Marciniak et al.|
2023, Marciniak et al. 2025). Our investigation begins with telescopic observations
and culminates in the precise determination of their key physical properties. A
substantial part of this work has involved data collection, processing, standardisation,
and exploitation. To facilitate this, we developed a suite of dedicated tools, which
will also be presented in the following chapters.
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Chapter 2

Asteroid spin and shape models

2.1 Photometric campaign

The modelling techniques employed in this work, both lightcurve inversion and
the Convex Inversion Thermophysical Model (CITPM), are highly data-intensive,
particularly in terms of photometric data input. One of the major challenges arises
from the need to sample the target asteroid under a wide diversity of observing
geometries. This diversity cannot be brought about directly; instead, it requires
waiting for the asteroid to naturally evolve along its orbit, making the data collection
process inherently time-consuming. In this study, we aimed at deriving the most
precise possible size determinations, which first required the use of high-quality
dense photometric datasets for shape reconstruction. Indeed, the photometric
accuracy of sparse data from ground-based surveys is often insufficient, with typical
scatter reaching up to ~0.1 mag (Hanus et al., 2011). Consequently, a large-scale
collaborative effort was necessary to acquire the dense lightcurves required for
our modeling. This international photometric campaign, originally introduced in
Marciniak et al.| (2015) and further described in Section 2 of [Marciniak et al. (2021)),
involved over 20 observing stations operating telescopes with apertures up to 1 meter.
Among them, the TRAPPIST telescopes (Gillon et al., [2011) played a significant
role. To complement ground-based observations, we also included high-precision
photometric data from the Kepler Space Telescope (Borucki et al., 2010) in its
extended K2 mission, and from TESS (Transiting Exoplanet Survey Satellite, [Ricker
et al., 2015)). For the 15 main-belt asteroids studied in |Choukroun et al.| (2025),
a total of 1151 lightcurves were collected including literature data. Substantial
part of this dataset was in the form of raw FITS images from our campaign, and
they required data reductions and photometric processing. Next, all the lightcurves
had to be cleaned and standarized. This process included the identification and
removal of defective measurements, such as stellar passages, instrumental outliers, or
inconsistencies caused by atmospheric effects. The resulting dataset, unprecedented
in its density and quality for this class of objects, enabled robust spin and shape
modeling through the combined inversion of optical and infrared data as described

in chapter [3.2]
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2.2 STEROID pipeline

In this work, precise and efficient processing of photometric data was a crucial step. To
derive reliable shape and spin models for asteroids, we needed high-quality lightcurves
built from a large number of observations, often taken over many nights, with varying
geometries and observing conditions. This resulted in a significant volume of data to
process, and the reliability of each individual lightcurve was essential: even minor
centroiding errors or undetected contaminations could propagate into the lightcurve
inversion results. To meet this challenge, the author of this thesis developed the
STEROID library{T| (Choukroun et al., submitted (Paper 1)), a modular Python
package designed to handle the full photometric processing of astronomical targets,
both fixed and moving, with a strong focus on adaptability and automation. Unlike
most of software pipelines, STEROID is not a rigid tool. It provides a set of
independent, well-documented modules that users can combine or repurpose to build
custom processing chains adapted to their needs. This makes it especially suited for
research contexts requiring flexibility, for example, when switching between stars
and asteroids, or between different telescope setups.

For our specific application, which is differential photometry of main-belt asteroids,
we built a custom pipeline using the tools included in STEROID. This pipeline is
encapsulated in the Photometry class, which combines the successive steps of frame
correction, object detection and tracking, aperture photometry, and lightcurve
construction. We used the following core modules from STEROID:

e Corrector: to measure and correct for image drift and rotation without
interpolating the pixels

o Detector: to identify objects in the field (stars or slowly moving targets)

o Fit: to manage images (read images, handle FITS headers, compute histograms,
etc.).

o Apertures: to manage aperture placement and perform photometry.

One of the most critical contributions of STEROID lies in its ability to precisely
register image sequences without relying on classical plate solving. Traditional tools
often use blind plate solving which is a method that matches star positions to a sky
catalogue to estimate the field orientation. While robust, this technique:

requires precise WCS (World Coordinate System) headers or reliable pointing,
e is computationally expensive,

o can miss subtle distortions (e.g. differential atmospheric refraction, instrumental
optical distortions),

« typically requires a sky catalogue, limiting the tool flexibility in case of uncata-
logued, moving or transient objects.

ISTEROID GitHub : https://github.com/antoinech13/Steroid
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By contrast, STEROID Corrector module performs image registration directly
from the pixel data, using an approach based on pattern recognition. It builds local
configurations of stars (e.g., groups of 5 stars forming triangles), and compares these
geometric patterns between frames. If a match is found, the relative translation and
rotation are inferred from the matched triangles, using vector algebra and median
filtering across all patterns. This approach has three major advantages:

e No need for any stellar catalogue access or for WCS headers, making it suitable
for raw or experimental data.

« No pixel interpolation, which avoids introducing errors into the flux measure-
ments (especially critical in high-precision photometry).

« Higher adaptability, especially when objects are not listed in standard star
catalogues or when dealing with faint or blended images.

In terms of photometric accuracy, STEROID also avoids reprojecting the image
after rotation, which would degrade SNR through resampling. Instead, it tracks
objects and adjusts aperture positions analytically, ensuring consistent measurements.
Main processes designed for our STEROID pipeline can be find in the Figure 2.1}
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Figure 2.1: Main processes applied in STEROID to extract lightcurves from image
sequences (see Choukroun et al., submitted (Paper 1))

Naturally, STEROID also handles image calibration for bias, dark, and flat frames.
The reduction formula used is as follows:

(src — bias — (dark — bias) - s) - (flat — bias)

flat — bias ’
where s corresponds to a scale factor applied to dark frames in case when they are
provided with a different exposure time than the science image. Using STEROID,
around a hundred of lightcurves were obtained by the author of this thesis and used
in all the publications presented in this manuscript.

SI'Cred = (2.1)

15



2.3 Lightcurve inversion

The challenge of reconstructing the shape of a rotating celestial body from its
variations in brightness is almost as old as asteroid photometry itself. In 1906, Henry
Norris Russell articulated what would become a foundational barrier to the problem:
that it is, in general, impossible to determine the shape of a minor body from its light
variations alone (Russell, |1906)). Russell’s insight was based on geometrical reasoning:
two very different bodies, one spherical but with large spots of different albedo, the
other elongated and irregular, can exhibit similar or even indistinguishable lightcurves
under certain viewing conditions. In other words, the problem is non-injective: the
mapping from shape to lightcurve is many-to-one. Small changes in the observed flux
can correspond to vastly different surface topographies. This non-uniqueness, coupled
with observational noise and limited viewing geometries, led Russell to conclude
that shape inversion from brightness alone was fundamentally underdetermined. For
nearly a century, this pessimistic verdict held sway. Attempts at lightcurve inversion
either required strong priors (e.g. assuming ellipsoidal bodies), or were unable to
yield more than qualitative estimates of elongation and sideral spin period. The
absence of a general, rigorous method meant that asteroid shape models derived
from photometry remained speculative.

This deadlock was broken at the verge of 1990s and 2000s by the works of Mikko
Kaasalainen and colleagues (Kaasalainen et al., |1992, |Kaasalainen & Torppal, 2001},
Kaasalainen et al., 2001) who reframed the problem in a fundamentally new way. By
restricting the class of permitted shapes to strictly convex bodies, and reformulating
the geometry in terms of a Gaussian surface density defined on the unit sphere,
Kaasalainen was able to demonstrate that the lightcurve inversion problem could,
under reasonable conditions, become well-posed, solvable, and even unique. Moreover,
Russell limited himself to a narrow class of observing geometries, primarily those
near opposition, that is, configurations where the Sun, the observer, and the object
are nearly aligned. In such cases, the illumination and viewing directions are almost
identical, leading to highly degenerate lightcurves that reveal only limited information
about the shape of an object.

Kaasalainen’s approach fundamentally differs from Russell’s in several key aspects:

o It relies on multiple and diverse observing geometries, including different
phase angles (sun - target - observer angle) and aspect angles (angle between
northern part of spin axis and viewing direction), which help to break the
symmetries and degeneracies present in single-geometry observations.

o It introduces a convexity constraint and reformulates the problem in terms
of a Gaussian density function on the unit sphere, allowing for a mathematically
well-posed and physically meaningful inversion.

o It employs advanced mathematical and numerical techniques, including
spherical harmonics expansion, regularization theory, and nonlinear optimiza-
tion, made tractable by modern computational resources.

2.3.1 Theory

The problem of reconstructing the shape of an asteroid from its photometric lightcurve
is generally ill-posed: many different shapes can produce nearly indistinguishable
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brightness variations when observed under limited geometries. To address this,
Mikko Kaasalainen developed a formulation that transforms the problem into a
mathematically tractable one by assuming strict convexity and describing the body
through its Gaussian image, the distribution of surface area on the unit sphere as a
function of orientation. The brightness observed from a given geometry, defined by
the observer direction E and the illumination direction Fj, is given by the surface
integral:

L(E.By) = [, (. p0.0)G(0. 6)do (22)

where A" defines the integration domain which includes only surface elements for
which p, o > 0, that is those which are simultaneously visible and illuminated,
@4 =mn-FE and yg = n- Ey are the cosines of the angles between the surface
normal n(f,¢) and the observer/Sun directions, S(u, po, @) is the bidirectional
reflectance function (typically a combination of Lommel-Seeliger, Lommel (1889),
and Lambertian terms, [Lambert| (1892)), G(6, ¢) is the Gaussian surface density,
describing how the surface area of the body is distributed over directions (6, ¢) on
the unit sphere and do is the surface element.

The use of the Gaussian surface density function G(6,¢) implicitly assumes
convexity of the body. This assumption is essential to ensure the uniqueness of the
solution: under convexity, each surface normal corresponds to a unique point on
the object, making the inverse problem mathematically well-posed. This idea is
illustrated in Figure [2.2] which shows how the mapping from a 1D surface to its
Gaussian representation behaves differently in the convex and non-convex cases.

-

a) Mapping from a non-convex 1D surface to a 1D Gaussian surface density.

-

b) Mapping from a convex 1D surface to a 1D Gaussian surface density.

Figure 2.2: Comparison between the Gaussian surface density derived from (a) a non-
convex and (b) a convex 1D surface. In the non-convex case, multiple points on the
surface may share the same normal direction, leading to ambiguity in the Gaussian
representation. This non-uniqueness violates the assumptions required for the shape
reconstruction. In contrast, the convex case guarantees a one-to-one correspondence
between surface normals and surface elements, yielding an unambiguous Gaussian
density.
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To ensure that G > 0 (a physical requirement for convex shapes), it is parametrized
using an exponent of a spherical harmonic expansion:

L 1
G(0,¢) =exp(}_ D amY]"(0,9)) (2.3)
=0 m=-—I
This guarantees positivity by construction, while still allowing the function G to be
expressed compactly and smoothly. The coefficients a;,,, become the parameters of
the optimization problem, and the monotonic nature of the exponent ensures the
existence of a single global minimum under standard regularization. Once G(0, ¢) is
known, the original 3D shape of the body can be reconstructed using results from
convex geometry, particularly the Minkowski minimisation (Minkowski, 1903). The
link between G and the geometry of the body is encoded in the support function
p(0, ¢), defined as the scalar product of the position vector r and the surface normal n.
The unique convex shape corresponding to a given G can be obtained by minimizing
the mixed volume function:

V=2 [ p(0.0)G0,0)do 24)

subject to a fixed volume constraint. This can be solved either continuously (via
harmonic expansions of p) or discretely using the polyhedral method described in
the Appendix C of |Kaasalainen & Torppa; (2001) paper.

To determine G, a Levenberg-Marquardt (Levenberg), 1944, [Marquardt, (1963) algo-
rithm is used to optimise:

X = Z(Wy (2.5)

where L the vector of the observed brightnesses, g is the vector that contains the
parameters to be solved and A is the matrix defined by:

Ay = S, 1§D yw; (2.6)

where S; and w; are the scattering law and the albedo at the facet (discrete surface
element) j. The index i stands for the observation number. This last equation
illustrates the inherent ambiguity between an asteroid shape and its surface albedo.
Such ambiguity is generally unsolvable using photometric data alone. As a result,
within the framework of convex inversion, the albedo is assumed to be constant
and uniform across the entire surface of the asteroid. Another important point
to address here, as it will appear in our results, is that convex inversion requires
substantial diversity in the observing geometries (so it takes many years, at least 6,
to gather necessary data). In the case of main-belt asteroids, which are our targets,
their orbits lie close to the ecliptic plane. This restricted geometry causes a lack of
latitudinal information and leads to the so-called mirror pole ambiguity (Kaasalainen
& Lamberg), 2006). As a result, each inversion model typically yields two possible
pole solutions, differing by approximately 180° in longitude. Determining which
of these two solutions reflects real asteroid spin generally requires complementary
observations beyond photometry alone. For this reason, pole solutions are usually
reported in pairs, referred to as solution 1 and solution 2.
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2.4 Sample results

This section presents the data and the model for one of our targets as an example,
including some of the lightcurves obtained using STEROID, and it shows the sample
results of the convex inversion. In short, this section summarizes the methods
described so far in this Chapter.

Target: asteroid (931) Whittemora

Information on asteroid (931) Whittemora, like for the majority of the targets
studied, was scarce prior to this work. No shape model was available in the DAMITE]
database, and also no spin solution was present in the LCDBE] database. The results
presented here are therefore not an improvement upon existing data, but new and
previously unavailable parameters and model for this asteroid. For (931) Whittemora,
a total of sixty dense lightcurves had to be standarised and cleaned, part of which (6
lightcurves) were obtained from raw FITS frames using STEROID. Figure shows
an example of a lightcurve produced with STEROID, based on observations from 22
June 2023, with the 0.6 m telescope of the Mt. Suhora Astronomical Observatory
in Poland. Panels (a) and (b) show the lightcurve with binning values of 1 and
3, respectively. Binning is needed for slow rotators to avoid oversampling the full
lightcurve of an asteroid. The red points in panel (a) highlight STEROID ability to
automatically detect and remove outliers.

2https://damit.cuni.cz/, accessed 15 December 2023.
3The Asteroid Lightcurve Database (Warner et al., [2009), updated 1 October 2023. https:
//minplanobs.org/mpinfo/php/lcdb.php
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Figure 2.3: Lightcurve of asteroid (931) Whittmora produced with observations done
on 22 Jun 2023 with the 0.6m telescope of Mt. Suhora Astronomical Observatory.
Panel a) shows each point of the lightcurve, while b) shows the lightcurve auto-
matically binned by STEROID pipeline with a binning value equal to 3, to avoid

oversampling. The red point on a) corresponds to an outlier detected and removed
by STEROID.
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After producing the individual lightcurves, we can combine them to generate
composite lightcurves. This process involves phasing the individual lightcurves to
obtain fuller and more representative curve. Composite lightcurves represent a
complete coverage of the rotation phase, enable control of the correctness of the
detected synodic rotation period, and provide strong constraints for the sideral
period search in the convex inversion (see section [2.4.1)). For (931) Whittemora, the
large number of dense lightcurves available enabled production of clean composite
lightcurves.
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Figure 2.4: Composite lightcurves of (931) Whittemora from three apparitions in
the years: a) 2019, b) 2020-2021 and c¢) 2023.

An example of some composites can be found in the Figure where panel a) is
the composite produced with lightcurves obtained during the apparition in the year
2019, b) on the verge of 2020-2021 and c) in 2023. In the last apparition brightness
of this asteroid was below 15 magnitude, unlike in the remaining ones, when it was
around 13.5 mag, so that this composite lightcurve is slightly noisier. An interesting
effect is visible in panel b. Some lightcurve segments slightly misfit each other,
however these are not artifacts, but real phase angle effects. They are connected
to various shadowing on the surface at various dates. Lightcurves exhibiting such
effects are especially valuable for the asteroid shape reconstruction.

The next step is to use a modified version of the full convex inversion method to
accurately determine the sidereal rotation period of an asteroid. To do so, we can
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use the synodic periods derived during the construction of the composite lightcurves
to narrow the search range. Indeed, scanning the full range of possible periods is a
time-consuming process, and applying such constraints allows for a more efficient
work. Figure shows the result of the period scan for (931) Whittemora. The
y-axis corresponds to rms deviations value (v/x2/N, N being the number of data
points) and the x-axis corresponds to the sample period. As we can see, a clear
minimum value is reached (for a period of 19.17592 hours).
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Figure 2.5: Scan of the sidereal periods of (931) Whittemora. The y-axis is the sum
of the rms deviations of simplified model lightcurves vs observed lightcurves, and
the x-axis is the rotation period in hours.

This period can now be used as the starting point for the final step, namely
the modeling of the shape and the determination of the spin-axis position in space.
To achieve this, the standard procedure consists of scanning the parameter space
defined by ecliptic A and  and identifying the minimum. Initially, this step was
performed manually. In the context of this thesis, the author developed a script to
automate and improve this process, interpolating the response of the system within
the parameter space to identify the optimal solutions. Figure [2.6] shows the result of
this script for the case of (931) Whittemora. The green contour marks the region
where the solutions are considered acceptable. This contour is usually set at 10%
higher than the deviations value of the best fit solution.
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Figure 2.6: Map of the rms deviation values as a function of the ecliptic coordinates
A (x-axis) and (3 (y-axis) of sample spin axis position. The green contour shows the
region where the solutions are considered acceptable.

Best pole solutions are as follows:

e Solution 1: A =33+14 (°), B =52+5 (°) and P = 19.17589 4 0.00006 (hours)

e Solution 2 : A =213430 (°), 3=7947 (°), P = 19.17590 % 0.00005 (hours)

The corresponding shape model is shown in Figure [2.7] illustrating the two mirror
pole solutions. Each panel displays three orthogonal projections of the convex shape
model, in the z—y, x—z, and x—y planes, providing complementary views of the asteroid
overall geometry. To assess whether the shape model is physically plausible, several
criteria can be applied, for example, ensuring the model is not unrealistically flat or
excessively angular. The most important check though is to verify that the model
rotates stably around the axis corresponding to the maximum moment of inertia. To
do this, the model is re-projected along its principal inertia axes to confirm that the
rotation axis remains well aligned with the z-axis.
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(b)

Figure 2.7: Shape model of asteroid (931) Whittemora. Panel (a) corresponds to
solution 1 and panel (b) to solution 2. Each panel is composed of three views, from
left to right: the projections in the z—y, x—z, and x—y planes.

It can be noted that the two shape solutions are not exact mirror reflections of
each other, especially in the stretch along the z-axis. Minor misfits reflect the shape
model uncertainty, and poorly constained stretch along the z-axis reveals the main
weakness of the inversion method models. It was overcome in this thesis, in two
ways: by testing ten versions of each shape model in occultation fitting (see chapter
chapter and by adding calibrated photometric data in CITPM (see chapter [3.2).

2.4.1 Synodic period versus sidereal period

The rotation period of an asteroid can be expressed in two different but related ways:
the sidereal period and the synodic period. Although they are often close in value,
they represent distinct physical quantities and must be carefully distinguished in
data analysis.

The sidereal period corresponds to the true physical rotation of the asteroid
with respect to an inertial reference frame, typically the stars. In other words, it is
the time that the asteroid takes to complete one full rotation around its spin axis
relative to distant celestial objects. This value is intrinsic to the asteroid and does
not depend on the position of the observer. Figure illustrates this concept: the
asteroid rotates once with respect to the fixed background of stars.

The synodic period, on the other hand, is the apparent rotation period as
measured by an observer from Earth. Because both the asteroid and the Earth are
moving around the Sun, the relative geometry between the observer, the asteroid,
and the Sun continuously changes. As a result, the asteroid lightcurve obtained from
Earth does not reflect the pure sidereal rotation but instead an apparent rotation
rate influenced by the orbital motion of the Earth. This effect can cause the observed
period to be slightly longer or shorter than the true sidereal period, depending on
the relative direction of orbital motion. Figure |2.9shows how the synodic period
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Figure 2.8: Illustration of the sidereal rotation period of an asteroid. After completing
one rotation around its spin axis while orbiting the Sun, the asteroid returns to its

initial orientation with respect to the stars.

arises from the combined motions.
The relation between both quantities can be expressed as:

1 1 d\
(2.7)

Psyn B Psid 57

where Py, is the synodic period, Fsq the sidereal period, and % the apparent angular

motion of the asteroid as seen from Earth (relative to the stars). In practice, the
difference between synodic and sidereal periods is usually small, but it becomes
significant for accurate modeling of lightcurves and shape inversion techniques. It
also explains why the value for Py, is slightly different in the composite lightcurves

from various apparitions (Fig. [2.4)).
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Sun

Figure 2.9: Ilustration of the synodic rotation period of an asteroid observed from
Earth. After the combined motion of the Earth and the asteroid along their respective
orbits, together with the asteroid own rotation, the asteroid returns to the same

apparent orientation as seen by an observer on Earth.
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Chapter 3

Diameter determination

3.1 Stellar occultations by asteroids

Stellar occultations are increasingly used to calibrate scale-free shape models obtained
from photometry. For example, in Marciniak et al.| (2023)) (Paper 4) we scaled 16 slow
rotators using multi-chord occultations, achieving size accuracies of a few percent.
Although such studies do not provide surface thermophysical parameters, they remain
essential for reliable size determination when infrared datasets are insufficient.

3.1.1 Method

The fundamental idea behind the stellar occultation method is straightforward. Just
like the Moon can produce an eclipse when it passes in front of the Sun, an asteroid
may block the light of a distant star when it crosses the line of sight between the
Earth and that star. In such cases, the asteroid shadow travels across the surface
of the Earth. An observer located within this shadow path will perceive the star
suddenly disappearing, only to reappear a short time later. The duration of this
disappearance depends on several factors: the observer’s position relative to the
shadow track, the asteroid size and shape (plus its aspect angle and rotation phase),
and the relative velocity vector between the asteroid and the Earth. It follows that, if
the disappearance and reappearance times are measured accurately, and the relative
motion is known, the asteroid size can be derived with remarkable precision. This
inverse problem is clearly formalized in the work of Durech et al, (2011). The first
step consists in defining a common coordinate system in which observations from
multiple geographically distributed observers can be consistently projected. Following
Durech et al.| (2011)), we introduce a reference plane, called the fundamental plane,
which passes through the center of the Earth and has a normal vector aligned with
the line of sight from the Earth center to the occulted star. To define this plane and
the coordinates on it, we use the following orthonormal basis vectors:

W>

¢ = (—sindcosa, —sindsina, cosd),

(3.1)

1>

»

, = (sina, —cosa, 0),

where ?f and §’77 are unit vectors lying in the fundamental plane, and where «
and 0 represent the right ascension and declination of the occulted star. With
this coordinate system in place, the geocentric coordinates of each observer can be
projected onto the fundamental plane using the expression:
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Here, ¢ and n are the coordinates of the observer projected onto the fundamental
plane, ¥ is the observer’s geocentric position in the sidereal equatorial frame, Av
is the relative velocity between the Earth and the asteroid, and At is the time
interval between the disappearance or reappearance of the star and a reference epoch.
The sidereal equatorial frame is chosen for two main reasons. First, the geographic
coordinate system (longitude, latitude) does not contain the Earth orientation at
the time of observation. Second, the sidereal equatorial frame is naturally aligned
with the equatorial coordinate system used to describe the star position: its z-axis
points toward the celestial north pole, x-axis toward the vernal equinox, and y-axis
completes a right-handed orthonormal basis. This consistency avoids any need for
basis transformations and simplifies the overall computations.

3.1.2 Occultation campaign

Occultation observations are significantly more complex than photometric ones for
rotational lightcurves. In addition to requiring specific equipment (notably cameras
equipped with a GPS module to ensure accurate time-stamping), the observation of
a single event typically yields only one chord. In the context of our work, at least
two chords from two different observing sites are required. Consequently, beyond the
limitation imposed by whether or not an occultation occurs for a given target and the
geographic constraint of where the event takes place, there is also a major limitation
in terms of human resources. In other words, when an event occurs, a sufficient
number of observers must be located near the shadow path and be ready to observe
it simultaneously. Due to this, in the past many of our targets were not observed via
occultations, or only one chord was available, insufficient for our purposes. In 2020,
an observation campaign was therefore initiated, and this campaign was even assigned
a specific tag on the Occult Watcher Cloud platform. In this thesis the results of
this campaign were combined with archival data from the Planetary Data System
(PDS) archive (Herald et al 2024]), as well as from the Occult programme archive,
and the International Occultation Timing Association (IOTA) regional coordinators.

3.1.3 Occultation fitting tool

During this work, scaling our 3D convex shape models using stellar occultation data
required the assistance of a non-open-source tool developed by a team at Charles
University in Prague (Durech et al., [2011). We used to send them both our convex
shape models and the corresponding occultation observations; they would then
handle the fitting process. This approach had the clear advantage of delegating the
responsibility of a successful fit to an experienced team using a well-established and
validated tool used in the papers by Marciniak et al. (2023) and (Choukroun et al.
(2025)). However, it also presented several limitations. One of the issues was our
dependency: relying on an external, closed-source pipeline reduced our operational
independence and our capacity to upgrade tools according to our own needs. To
overcome this limitation, the author of this thesis developed a custom Python tool
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consisting of over 4000 lines of modular code named occultationFitl} structured into
several core components (classes). Below is a brief description of the most important
ones:

Event: This class is a parser for XML files storing occultation observations. Such
files are downloaded from Occult programme archive. In principle, a user can
implement their own parser, provided that it outputs three specific dictionaries:

 star: must include keys such as "catName" (star catalogue name, e.g., Tycho2),
"catNum" (catalog number of an occulted star), "gaia_id" (Gaia identifier),
and the star celestial coordinates "ra" and "dec" in degrees.

o ast: must contain "id" (asteroid number) and "name" (asteroid name).

o observer: uses the observer ID (as an integer) as the key and stores sub-
dictionaries with:
— "namel": main observer’s name
— "name2": second observer(s), if any
— "long" and "lat": geographic coordinates in degrees
— "alt": altitude of the observing site
— "isPositif": boolean for positive detection (to be replaced by "status")
— "d", "d_err": disappearance time and timing uncertainty
— "r" "r err": reappearance time and timing uncertainty
— "status": observation status (0 = positive, 1 = negative, 2 = partial

chord, when only "d" or "'r" was observed).

Additionally, Event class can fetch updated star data from external catalogs, useful
for resolving inconsistencies in the XML metadata.

ModelParser: This class parses shape model .tri files and provides several tools
for model visualisation and analysis:

e plot3_vertices(...): displays interactive views in x-y, y-z, and x-z planes.

e plot_vertices(...): displays a 3D view.
It also calculates volume- and surface-equivalent radii of the complex shape models.
Occultation: This class wraps an Event parser (or every type of parser with the
good dictionaries) and provides:

e plot(...): occultation chord visualization on the fundamental plane

o plot3dChart(...): plots the Earth and observer positions for parser validation

OcFitInputParser: A simple parser to load user-defined configuration parameters
for the fitting procedure.

LoccultationFit GitHub repository : https://github.com/antoinechi3/occultationFit
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OccultationFit: The core class performing the fit between occultation data and
the 3D model. It computes the silhouette of the asteroid as seen from Earth at
a given epoch and projects it onto the fundamental plane to compare it with the
observed chords.

OccultationFit: how it works

Compared to the original Prague code, OccultationFit offers several major advan-
tages:

o It supports both simultaneous and independent optimisation of the model size
for multiple events.

o It allows the optimisation of the silhouette centroid, and size scale but also
slight improvement of the spin axis orientation (A, 3), and rotation period.

« Constraints on uncertainty margins can be enforced to avoid overfitting beyond
physically plausible limits.

o It supports several optimisation algorithms, including a custom-built one, and
allows chaining or hybridising them to improve the final result.

The computation of an error between chords and silhouette is also more sophis-
ticated than the linear method used in Durech et al. (2011). When all positive
chords intersect the silhouette and no negative chords do, the error metrics for each

individual chord is:
&z d?
X’ = <§ + 2) ‘w (3.3)
01 03

where:
e dy,dsy are the distances between the silhouette and the chord endpoints,

e 01,09 are their respective uncertainties coming from timing uncertainties (both
can be set to 1 by the user),

o w is a weight factor (by default = 1), modifiable by the user to emphasize
specific chords.

If a negative chord crosses the silhouette or a positive chord fails to intersect it,
a large artificial penalty is added to the x? to push the optimizer away from invalid
solutions.

Sample results

In this section, we show sample results obtained with our algorithm. For comparison,
these are same targets to those presented in |[Choukroun et al. (2025), where they
were processed using the non-open-source code developed by the Prague team. The
color scheme is consistent between the two codes: blue represents the first pole
solution, and magenta represents the second one. In the lower-left corner of each
plot, a circle with either a dot or a cross indicates the orientation of the spin axis
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(aspect angle). A dot means that the spin axis vector is pointing towards the
reader, while a cross indicates it is pointing away. This is a common convention for
representing 3D vectors in 2D diagrams. However, unlike the standard notation,
where the dot or cross is placed at the center of the circle, here their position within
the circle conveys additional information about spin axis orientation. A mark at
the center means the spin axis is aligned with the observer’s line of sight; a mark
on the circumference implies an angle of approximately 90° between the spin axis
and the observer. Figures [3.1] and show the stellar occultation fits obtained
with OccultationFit for asteroids (279) Thule and (395) Delia, respectively. The
corresponding figures in (Choukroun et al. (2025)) are Fig. E.2 and Fig. E.5. Each
figure is composed of three panels, corresponding to the three occultation events
observed for each object. The diameters derived with OccultationFit are directly
indicated on the plots. In all panels, the same diameter value is presented, as the
software was configured to perform a joint fit of multiple events, thereby providing a
single, more robust diameter determination for both mirror-pole solution. Although
OccultationFit also allows each event to be fitted independently, this option was
not employed here. For (279) Thule, the resulting diameters for the two mirror-pole
solutions are d; = 117 + 3 km and dy = 122 + 9 km. For (395) Delia, we obtained
d; = 5672—1 km and dy = 53*3—1 km. These values are in excellent agreement with
those reported by |Choukroun et al|(2025) (Table 5), namely d;. = 115 4+ 12 km and
dy. = 119 + 13 km for (279) Thule, and d;. = 56 + 3 km and dy. = 55 + 3 km for
(395) Delia. The close correspondence between the diameters derived in this work
and those from |Choukroun et al.| (2025) demonstrates the reliability and robustness
of the new OccultationFit tool for multi-event scaling of spin and shape models.
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Figure 3.1: Occultation fits for asteroid (279) Thule (cf. Fig. E.2 in the paper
Choukroun et al., 2025)

3.2 Convex Inversion Thermophysical Model

3.2.1 Method

CITPM is an advanced thermophysical modeling technique developed by Durech
et al. (2017). Standard TPMs, even the most modern ones, typically take as input a
predefined shape model, usually non-spherical if available, and optimize modelled
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Figure 3.2: Occultation fits for asteroid (395) Delia (cf. Fig. E.5 in the paper
Choukroun et al., [2025)

thermal flux based on that fixed geometry. However, if the shape model is not
sufficiently accurate, its structural errors can propagate during the thermophysical
optimization, potentially leading to large uncertainties or, in the worst cases, incorrect
results (Hanus et al., 2015). CITPM addresses this limitation by incorporating also
the photometric data in the visible range that were used to construct the shape
model. These optical data are used simultaneously with the thermal data, meaning
that the photometric shape model itself is adjusted basing on thermal observations
too. To achieve this, CITPM combines two methods: convex inversion (as described
in Section and a thermophysical model following the approach of Lagerros
(Lagerros|, [1996a, (1996b}, 1997 and [1998)). In this section, we therefore outline the
main components that make up CITPM, before describing the functioning of the
method in more detail.

Thermophysical model of Lagerros

The thermophysical model developed by Johan Lagerros in the 1990s significantly
improved the modeling of asteroid thermal emission. Prior to its introduction,
classical thermal models assumed highly idealized shapes, typically a sphere (as in
the Standard Thermal Model, STM, by [Lebofsky et al., [1986b| or in the Near-Earth
Asteroids Thermal Model, NEATM, by Harris, [1998) and occasionally an ellipsoid,
and added surface roughness effects empirically. These simplifications limited the
accuracy of size and surface temperature estimates, especially for irregularly shaped
asteroids. Lagerros extended these models by proposing a more general framework
capable of handling arbitrary shapes and explicitly incorporating several key physical
effects. His thermophysical model, detailed in a series of articles (Lagerros [1996a;,
1996b, 1997 and |1998)), allows simulations of elongated or rugged asteroids while
maintaining computational efficiency. Several key assumptions underlie the Lagerros
model. First, the asteroid surface is represented as a mesh of polygonal facets
describing a complex (potentially non-convex) shape. On each facet, subsurface
heat conduction is modeled by solving the one-dimensional heat diffusion equation
perpendicular to the surface:

orT 0*T

pCE = /ﬁ?w, (34)
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where « is the thermal conductivity, p is the density, c is the heat capacity of the
regolith, and 7T'(z,t) is the temperature profile evolving with sub-surface depth and
the time. This local conduction allows part of the daytime heat to penetrate below the
surface and re-emerge later, a necessary mechanism to reproduce the observed phase
shift and nighttime cooling. A boundary condition imposes radiative equilibrium
at the surface: the solar flux absorbed by each facet (proportional to (1 — A)S cosi,
with S being the solar irradiance, A the local albedo and ¢ the angle between the
facet normal and the Sun—facet vector) must balance the sum of the emitted thermal
flux (eoT*, via Stefan—Boltzmann, law where ¢ is the emissivity and corresponds to
how much a surface is close to the emissivity of a black body) and the conductive
flux into the subsurface. This energy balance, solved at each time step, determines
the temperature of each facet throughout the rotation cycle.

Second, the model incorporates surface roughness at two scales. Large-scale
roughness is directly accounted for through the detailed geometry of the shape, which
may include craters or depressions if resolved in the mesh. For small-scale roughness
(below the facet resolution), Lagerros adopts a statistical approach: each facet may
be partially covered by hemispherical micro-craters, characterized by a coverage
fraction p. and an average opening angle 7. (see Fig. . This crater model induces
a thermal beaming effect, that is, a tendency for the rough surface to emit more
heat in the direction of the Sun and observer, due to inclined slopes that “focus” the
thermal emission. By tuning the roughness parameters, the model can reproduce
the increased infrared flux often observed, unlike smooth surfaces can.

Finally, the Lagerros model includes multiple scattering and mutual radiative
heating between facets. Specifically, when a facet faces another within a concave area,
some reflected solar radiation and re-emitted infrared energy can reach the opposite
facet and increase its temperature. This self-illumination and self-heating effects
are modeled by computing view factors between adjacent surfaces. While these are
second-order effects (studies by Lagerros have shown that global self-illumination
is weak for most observed asteroids), they become significant for highly rugged
surfaces or deep micro-craters, further contributing to thermal beaming. Altogether,
these refinements, irregular shape, heat conduction with thermal inertia, multiscale
roughness, and internal radiative exchange, give the Lagerros thermophysical model
strong predictive capabilities. It can generate synthetic infrared lightcurves consistent
with observations, and provide more reliable determinations of asteroid diameter,
albedo, temperature, and thermal inertia. This model serves as the physical basis of
the CITPM, allowing realistic interpretation of thermal data. It is also important
to note that, as the CITPM works with convex shapes, the mutual illumination or
radiative heating between facets do not impact the result.

Photometric model of Hapke

In parallel with thermophysical calculations, a photometric model is required to
describe the directional reflectance of the asteroid surface. The most commonly used
model in this context is that of Bruce Hapke (Hapke, 1981, 1981, 1984/ and [1986])
originally developed for planetary surfaces and airless regoliths (Moon, asteroids,
etc.). Hapke’s model provides a semi-analytical formulation of the bidirectional
reflectance factor r(i, e, «), i.e. the fraction of incident sunlight reflected toward the
observer, as a function of the incidence angle 7, emergence angle e, and phase angle
«. Hapke captures the physics of reflectance using five main parameters:
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(1) the single scattering albedo w (the fraction of light that a surface particle
scatters rather than absorbs in a single interaction), which defines the intrinsic
brightness of the material;

(2) the asymmetry parameter g of the particle phase function, describing the
probability of light being scattered forward or backward (with ¢ < 0 indicating
predominantly backward scattering, typical of surfaces reflecting toward the source);

(3) and (4) the opposition effect parameters B, (amplitude) and h (angular
width), modeling the brightness surge observed as o — 0° due to shadow hiding and
coherent backscattering within the regolith;

(5) the roughness angle #, quantifying the average slope of microscopic surface
facets (macroscopic roughness). This last parameter simulates mutual shadowing
between grains at local scale, a surface with high @ appears darker at non-zero phase
angles, as more facets are partially shadowed.

Together, these parameters allow accurate reproduction of photometric phase
curve of the body, that is, the variation of its brightness with Sun-object-observer an-
gle. Without entering into full mathematical details, we note that Hapke’s formulation
combines a single scattering component and a multiple scattering component. The
single scattering is modulated by a phase function P(«) (often approximated using
a Henyey-Greenstein type function with parameter g) and weighted by w. Multiple
scattering is treated approximately using Chandrasekhar’s H(z) functions, which
account for the role of multiple light interactions within the granular medium. The
opposition effect B(a) only modulates the single scattering term, i.e., (1+B(«))P(«),
and not the multiple scattering contribution H(uo)H (1). The model also includes
a geometric projection factor £ (with py = cosi and p = cose), ensuring proper

po+p
flux normalization. Overall, we obtain an expression of the form:

w Ho 9 i
E . 1o+ [(1 + B(Oé))P(OZ) + H(MO)H(FO - 1] ’ H(97Z’ 6)7 (35)

r(i, e, a) ~

where H(é, i,e) is the correction term due to macroscopic roughness (function of
6 and the observation geometry). Although mathematically complex, this expression
allows us to compute, for each surface facet, the portion of light reflected toward a
given observer, considering the facet orientation and solar illumination. Summing the
contributions of all visible facets yields the modeled brightness of the asteroid in the
visible range, which can be compared to photometric observations. The use of Hapke
parameters in a thermophysical model is not just aesthetic, it is essential to correctly
link the absorbed solar energy to the re-emitted thermal flux. For each facet, the
absorbed flux depends on its directional albedo. Hapke’s model allows us to compute
the effective absorption rate via the hemispherical albedo Ay, which represents the
fraction of incident light scattered into the upper hemisphere (reflected back to
space). This A}, depends on the incidence angle and on the optical parameters (w, g,
By, h, 6 via the equation and can be written as :

Ap(i) = :D/Qr(i,e,a),udQ. (3.6)

The integration is performed over the upper hemisphere 2. This quantity, averaged
over the solar spectrum, determines the energy balance used in the heat conduction
equation. Once Ay(7) is known, we deduce the absorbed portion (1 — Ay,), which
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serves as the heat input in the thermal equation. Thus, integrating Hapke into the
TPM ensures a locally accurate energy balance, rather than relying on a Lambertian
or arbitrarily fixed albedo. Furthermore, Hapke model provides a unified framework
linking the classical albedo definitions of an object, for instance, the geometric
albedo py (brightness at o = 0) or the Bond albedo (total reflected energy fraction)
can both be computed from the model parameters by integrating reflectance over
angular space. This is particularly useful in the CITPM framework, where the goal
is to avoid definition ambiguities tied to non-spherical shapes. In practice, when
absolute photometric calibration data are available (e.g., magnitude H or calibrated
observations over a phase angle range), the Hapke parameters can be adjusted to fit
the observed phase curve. This enables simultaneous determination of both albedo
and asteroid size: to match a given observed brightness, a brighter model must
correspond to a smaller size, and vice versa. Introducing the Hapke model into the
TPM thus guarantees a physically consistent link between optical and thermal data,
each facet receives and reflects the appropriate amount of energy, and the modeled
visible flux matches observations. This approach enhances the physical fidelity of the
global model, especially when compared to simplified methods using a mean albedo
without angular variation.

CITPM

The Convex Inversion Thermophysical Model (CITPM) is an innovative method
that directly combines the two previously described components, lightcurve inversion
and thermophysical modeling, within a joint optimization. Introduced by Durech
et al.| (2017)), this unified approach relies on the robustness of Kaasalainen’s convex
inversion for shape and rotation on one hand, and on the predictive power of Lagerros’
thermophysical model on the other. In practice, the CITPM simultaneously takes
as input the optical observations (visual lightcurves, with the addition of sparse
data points calibrated in intensity) and the thermal observations (infrared fluxes at
different wavelengths), for example from IRAS (Neugebauer et al.; [1984), Akari (Usui
et al, |2011), and WISE satellites (Wright et al., 2010). The model assumes an initial
convex shape (often described by spherical harmonics or a polyhedron with several
hundred facets) and associates it with a set of physical parameters to be optimized.
An important feature of this method is the use of the bolometric hemispherical albedo,
computed from the Hapke photometric parameters (see equation . This albedo
represents the total fraction of incident energy reflected by the surface, integrated
over all directions and all wavelengths. For each facet, the hemispherical albedo
depends on the incidence angle 1.

The parameters optimized simultaneously include: the 3D shape of the asteroid
(coefficients describing the convex shape model), its rotation state (sideral period,
spin-axis orientation, initial phase), the absolute size (scale factor of the shape model),
the photometric surface parameters (Hapke model), as well as thermal parameters
such as the thermal inertia I'. The macroscopic roughness parameters, the fraction
of surface covered by craters p., the opening angle ~. from Hapke model, are not
directly optimized. Instead, they are fixed at different values and explored on a grid
to identify the combination providing the best overall fit. § is determined based on
the formula from |Hapke (1984)):
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tan(d) = > | tan()ao)de (3.7)

™

where a(f) is a function that describes the distribution of tilt angles 6 within a
crater and in the flat surface element to which that crater belongs, weighted by the
proportion of the surface area occupied by the craters relative to that of the flat area.
With the assumption of spherical craters, it is possible to give an analytic expression
of the equation depending of p. and ~..

(a) (b)
Figure 3.3: Scheme of a spherical crater in 2D (a) and 3D (b)

Indeed, for spherical craters we can note:

dA = R?sin(0)dfdé, (3.8)

where dA is an element of surface of the crater, and R?sin(f) corresponds to the
determinant of the Jacobian in spherical coordinates (7,0, ¢). The integration of the
equation [3.8 give the area of the crater :

Acap = 27 R*(1 — cos(7e)). (3.9)
It is now possible to give an expression for a(6):
_ sin(0)
Therefore, placing the equation in [3.7] it is easy to show that:
tan(f) = ——— "L gg— [ cos(0)db 3.11
an(6) = 7(1 — cos(7.)) [/0 cos(d) /0 cos(0)db. (3.11)
Remembering 1/ cos(f) = sec(f) and [sec(f)df = In|sec(d) + tan()| + C:
- 2pc .
tan(f) = o p——— [In | sec(7.) + tan(v.)| — sin(7.)]. (3.12)

The equation is equivalent to the equation at page 5 in Lagerros (1996a)). The
thermal emission of each facet is computed at each iteration by solving the 1D heat
conduction equation, while the brightness in the visible domain is calculated using
the Hapke model. Model deviations from visible lightcurves and thermal data are
combined in a merit function defined as:
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Xtotal = Xv1s + WIR XTr. (3.13)

where wrg is a weighting factor determined according to the maximum compatibility
estimate method (Kaasalainen), 2011)) to balance the fit quality of the two datasets.
The optimization is performed using the Levenberg-Marquardt algorithm (Levenberg),
1944, Marquardt,, [1963) which minimizes Y2, while accounting for parameter
correlations. A crucial point is that the photometric data must include at least
one absolute calibration data point to resolve the size - albedo degeneracy. In
practice, calibrated V-band magnitude measurements over a range of phase angles
are incorporated, which sets the scale of the Hapke model and thus the physical
size of the shape model. By directly optimizing the shape with the infrared data,
the CITPM ensures that the adopted solution reproduces both the variation in
visible brightness and the measured thermal fluxes as accurately as possible. This
approach yields consistent physical parameters with better-quantified uncertainties,
typically obtaining diameters within £5 % and constrained thermal inertia. Tests
on well-characterized targets (by stellar occultations and spacecraft-derived shapes)
confirm the reliability and robustness of this integrated method.

3.2.2 Procedures, scripts and improvements

At the beginning of this thesis, many procedures were manual or semi-automated,
from data preparation to the final execution of the CITPM itself, so producing a
single asteroid model could sometimes take up to one month. In |Choukroun et al.
(2025) we present the results for 15 models, which would therefore have represented
more than 15 months of work on their own. In addition, the other tasks carried out
(familiarization with the research field, mastering the various modeling techniques,
test runs with a mobile occultation observing station, data processing, creating
STEROID pipeline, developing the code to fit occultations, a required 3-month
internship abroad, etc.) could have made it difficult to complete this thesis within
the imposed deadlines. A substantial effort was therefore made by the author of this
thesis to automate and standardize the procedures in order to save time, so that a
model can now be produced in roughly one week. In this section, we will focus on
a particular case study in order to explain the applied procedure and highlight the
developments that were made.

Target: asteroid (279) Thule

Creating an asteroid model with the use of the CITPM can be divided into four
main steps: preparation of input data, determination of hyperparameters, search for
minima and estimation of uncertainties, and finally, production of the final solution.

Input files for CITPM

As mentioned in Section [3.2] despite the fact that the CITPM needs the results of
the convex inversion as initial data, it simultaneously optimizes an asteroid spin and
shape model to fit both thermal data and data in the visible range. Consequently,
three types of input files are required.

The first file stores lightcurves in the visible. Its structure is identical to the
one used by the convex inversion (see Section [2.3)), with one important difference:
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this file must contain at least one set of calibrated brightness measurements. Unlike
relative lightcurves, a calibrated dataset with good coverage near opposition (i.e.,
when the asteroid is located opposite to the Sun as seen from Earth) is necessary
to constrain the Hapke parameters, which are used internally by the CITPM. We
downloaded the calibrated data from USNO (US Naval Obervatory) archiveﬂ

The second input file contains thermal infrared observations. These data are
retrieved as CSV files from the IR databaseE] (Szakats et al.,[2020). However, the raw
CSV files cannot be read directly by CITPM, since their structure differs from the
expected input format. In the CSV, each row corresponds to a single measurement.
By contrast, the CITPM input file is organized into blocks, each defined by an
observation epoch (Julian date). An example block is shown below:

2445419.03056959997 3
0.507262 4.267926 0.028804
-0.486850 4.188458 0.028795

12. 1.7480 0.3530 -1
25. 2.7620 0.6270 -1
60. 1.8030 0.4560 -1

The first line indicates the observation time (Julian Date) and the number of
measurements performed at that epoch. The next two lines contain the position
vectors: first one of the Sun as seen from the asteroid, and then the one of the Earth
as seen from the asteroid. The following lines provide, for each measurement, the
observing wavelength [um)], flux [Jy], associated flux uncertainty [Jy|, and a flag which
indicates if the measurement is color corrected or not. In earlier implementations, this
file had to be produced manually from the CSV tables, which was time-consuming
and prone to human error. Today, our csv2Err.py script automatically generates the
input file with infrared data.

The third input file contains the asteroid ephemeris. Each line stores the asteroid
heliocentric position vector at a given epoch. A subtle but important detail is that
the first epoch of this file does not coincide with the first thermal data block. Instead,
it must begin at least ten asteroid rotations earlier. For example, if the sidereal
rotation period is 24 hours, the ephemeris file should start at least 10 days before the
first thermal data epoch. This procedure ensures that the asteroid reaches thermal
equilibrium before the optimization step. As with the thermal data, this file was
previously generated manually, but it is now produced automatically by another
script. The script requires as input the thermal data file and the sidereal rotation
period, the latter determined beforehand through convex inversion (see Section [2.3)).

Determination of hyperparameters

A hyperparameter is a parameter that is not directly optimized by the model and
therefore remains fixed throughout the optimization. In CITPM, several hyperpa-
rameters exist, and in some cases, parameters can also be fixed, which effectively
turns them into hyperparameters. In this section we focus on the hyperparameter

2downloaded from AstDys database https://newton.spacedys.com/astdys2/index.php?pc=
3.0
Shttps://ird.konkoly.hu/
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wir from the equation [3.13] This variable controls the relative weight between the
optical and thermal datasets. As explained in Durech et al/| (2017), the objective is
to determine the value of the weight of infrared data that minimizes x2,,. In the
former procedure, the first step was to determine good initial Hapke parameters by
running the code with wig = 0, using the spin axis solutions and the rotation period
obtained from convex inversion. In some cases, the CITPM diverged numerically,
producing errors. When this happened, the code had to be restarted with different
initial Hapke parameters until a stable solution was found. Once this was successful,
the resulting Hapke parameters could be used as the new initial values for future
steps. The next step was to run the code multiple times with different values of wig
and to apply the method described in chapter 2 in |Choukroun et al. (2025)). Each of
these steps had to be carried out manually, which was problematic in several ways.
First, CITPM procedures are relatively slow, so performing many runs manually was
extremely time-consuming. Moreover, the determination of suitable Hapke starting
parameters could be difficult, as most random combinations led to convergence
errors. Finally, as noted in |(Choukroun et al.| (2025), this procedure was originally
performed for only a single combination of crater parameters approximating surface
roughness, which may not be representative and can complicate the determination
of the optimal wig. To improve this process, a dedicated script was developed to
automate the procedure. Both the determination of the initial Hapke parameters
and the successive runs with different wig values are now performed automatically.
In addition, the scan is carried out for three different surface crater combinations,
which provides a more representative sampling and makes it possible to determine
the optimal wir more reliably. An example corresponding to asteroid (279) Thule
is shown in Figure [3.4] Panels a), b), and c) display the same diagnostic plot but
for different surface roughnesses. It can be seen in particular that for surface crater
parameters 7. = 20° and p = 0.2 (panel a), the shape of the plot is less well defined
than for higher roughness levels. This provides a preliminary indication that Thule
may have a relatively high surface roughness. This hypothesis is later confirmed
when the final solution is produced, since (279) Thule turns out to be the asteroid
with the highest value of 6 in our sample (see Table 4 in (Choukroun et al., 2025).
For this object, the adopted value of wir is 0.008, as this choice best represents the
three scans performed at different roughness levels.
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Figure 3.4: RMS deviations of data in the visible vs. reduced % for asteroid (279)
Thule. The values next to the points indicate the corresponding wir value. Panel a
shows the results of the wir scan for p. = 0.2 and ~. = 20; panel b for p. = 0.5 and
v. = 50; and panel c for p. = 0.8 and . = 80.

Looping through the parameter space

CITPM is a high-dimensional multivariable model with a complex structure that can
produce a large number of local minima. The response of the model as a function of
parameter space is therefore much less stable than in the case of convex inversion,
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illustrated in Figure [2.6, For this reason, it is not possible to leave all the parameters
free, since we would risk that the process never converges towards the best solution.
Instead, the surface roughness parameters (crater aperture and crater coverage) are
kept fixed and thus treated as hyperparameters. In order to find the best result, we
do not scan the parameter space for value of spin axis orientation (A, 3) as in convex
inversion (since these values are already well constrained by that method). Instead,
the code is run multiple times for numerous combinations of the surface roughness
parameters (kept fixed during each run) together with the fixed thermal inertia. We
have at our disposal a version of the code specially developed to perform, for a given
thermal inertia value, several CITPM runs with different values of crater aperture
(ranging from 10° to 90° in steps of 10°) and crater coverage (ranging from 0.0 to 1.0
in steps of 0.1). At the end of a full loop over roughness parameters, the code stores
the results file for each combination of surface crater parameters. This procedure is
repeated for multiple values of thermal inertia, namely 1, 3, 6, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 120, 150, 200, 250, and 300 Jm~2s~/2K~'. Since a single run for
one thermal inertia value typically takes about 6 hours, this step is by far the most
time-consuming. It was therefore important to automate the procedure as much
as possible. In future work, the CITPM code could be rewritten and optimized to
enhance performance and generality, allowing the combination of more than two
techniques within the same framework. Once all runs are completed, the next step is
to identify the best solution as well as all solutions that can be considered acceptable.
Three criteria are applied for this purpose.

Threshold condition

A solution is considered acceptable if both x2_ and x#; remain below given
thresholds:

2 (2
{X\Q/ls < mln(X;/ls) 11 (314>
Xir < 1+4/7,
where v is the number of thermal measurements minus the number of degrees of
freedom. For asteroid (279) Thule, these thresholds are illustrated in Figure [3.5] The
left panel corresponds to the criterion on x?;, while the right panel corresponds to
the criterion on the RMS deviation between observed and modelled lightcurves in
the visible. The blue line shown in both panels represents the threshold defined by

Eq. (3.14). The points correspond to the model solutions obtained from the loop.
Every point lying below both blue lines is considered an acceptable solution.

Physical feasibility

The 3D shape model must also be physically plausible. One important check
is to project the model along the principal axes of the inertia tensor. Since each
vertex of the model is expressed in the asteroid co-rotating reference frame, the
model is expected to rotate around its z-axis. Therefore, if after projection onto the
principal axes of the inertia tensor the model still rotates around the z-axis, it can
be considered acceptable.

Consistency between thermal inertia and roughness parameters

A final procedure introduced in this work is to plot all acceptable solutions in a
three-dimensional diagram (thermal inertia vs crater aperture vs crater coverage).
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Figure 3.5: Left panel: reduced xi; as a function of thermal inertia for the models
produced by the loop over surface roughness; right panel: RMS deviation (visible
data) as a function of thermal inertia. The blue line in each panel corresponds to
the threshold value defined by Eq. .

This check, illustrated in Fig. 2 of Choukroun et al,| (2025)), allows us to verify the
absence of outliers and to ensure consistency between the solutions.

If a solution from a given run satisfies all three criteria, it is considered acceptable.
The best solution is then used as the initial parameter set for the final model, while
the ensemble of acceptable solutions serves to estimate its uncertainties. As for the
other steps, those that were not originally introduced in this work were previously
carried out manually. A substantial effort of automation and standardization has
therefore been implemented, which greatly improved both the efficiency and the
reproducibility of the procedure.

Final solution

The final model solution is obtained from the results of the previously described
roughness loop. Once the final solution is produced, we verify that all output parame-
ters remain consistent with the uncertainties estimated from the acceptable solutions
of the loop. If this condition is satisfied, the last elements can then be generated,
namely the 3D shape model (via Minkowski minimisation, see chapter , the
lightcurve fits, and the thermal data fits (see the figures C.1 to C.10 and D.1 to D.21
in |(Choukroun et al.| [2025)).

Target: asteroid (269) Justitia, an extremely red main-belt
asteroid

(269) Justitia stands apart from the main sample analyzed in this thesis. Unlike
the other targets, for which both stellar occultations and thermophysical modelling

42



were combined, Justitia was investigated independently using the Convex Inversion
Thermophysical Model (CITPM) only. This main belt asteroid was selected for a
dedicated study because of its extremely red reflectance, redder than typical D-types
and more similar to some Centaur and trans-Neptunian object (TNO) surfaces
enriched in complex organics. Such a spectral behavior strongly suggests an origin
in the outer solar system, followed by implantation into the main belt. Owing to
these unique characteristics and its potential primitive composition, Justitia has
been chosen as the primary target of the upcoming MBR Explorer space mission.
The CITPM solution presented here was developed as a pre-mission study, aiming
to provide robust size, albedo, spin, and surface-property constraints prior to the
spacecraft arrival. In parallel, a separate team conducted a multi-chord stellar
occultation campaign in August 2023 to derive an independent absolute scaling (Buie
et al., |2023)). Our work therefore complements these efforts by offering a consistent
thermophysical interpretation and by establishing a reference model for mission
planning and surface environment predictions.

Data and method.

Before the August 2023 multi-chord occultation campaign, we built spin and shape
solutions and a thermophysical solution by combining (i) dense lightcurves processed
in our program on slow rotators (multi-site, 30-60 cm class telescopes), (ii) calibrated
photometry from ATLAS (Tonry et al., |2018) to constrain the axial ratios, and (iii)
thermal fluxes from IRAS (Neugebauer et al. [1984), AKARI (Usui et all [2011])
and WISE (Wright et al.| [2010). As described in this chapter, convex lightcurve
inversion provided period and pole candidates, which we then fed to the CITPM.
This method solved facet-wise 1D heat conduction and jointly fitted the visible and
infrared domains according to equation [3.13] adjusting thermal inertia I', macro-
scopic roughness (crater opening angle and areal fraction), and Hapke photometric
parameters (Marciniak et al., [2025)).

Main results.

The two mirror-pole solutions converge to virtually identical physical properties.
The effective diameter is tightly constrained to ~55-60 km, with a nominal value
of 58 + 2km for pole 1, and the geometric albedo to py = 0.058 4+ 0.006. The spin
is retrograde, with the pole far from the ecliptic plane; the mirror ambiguity was
expected given the low orbital inclination. The best-fitting thermal models favor low-
to-moderate thermal inertia, I' ~ 4175’ Jm™2s~1/2 K~! (SI units) at the observing
heliocentric distance (scaling to ~87 SIu at 1au), together with high macroscopic
roughness; this combination is consistent with a fine regolith and an optically red,
organics-rich surface. The model reproduces both data domains with low residuals
(reduced x? in the IR ~0.3 and visible rms ~0.013 mag), indicating a stable joint
solution (Marciniak et al., [2025]).

Scientific and operational relevance.

Produced prior to the August 2023 occultation, this CITPM solution provided
the absolute scale needed to optimize observer placement and served as a pre-
mission reference for MBR Explorer (thermal environment, diurnal temperatures,
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and surface texture expectations). More broadly, Justitia exemplifies the value of the
joint approach used throughout this work: combining processed dense lightcurves,
calibrated sparse photometry, and multi-mission infrared fluxes within CITPM yields
mutually consistent size/albedo and surface-property constraints, which are key to
testing the asteroid implantation scenarios and planning spacecraft observations.

3.3 Diameter comparison results

For the 15 asteroids included in the study led by the author of this thesis, we were
able to determine diameters using two independent approaches: stellar occultations
and thermophysical modeling. Comparing these two methods is particularly valuable,
since cross-validation is often essential in science to confirm the reliability of derived
results. Most previous works aiming to estimate asteroid diameters relying on a
single technique, which may partly explain the large dispersion of values reported in
the literature (see Table 1 in |Choukroun et al.2025). In our case, the application of
both methods represents a major strength. As shown in Figure 3 of (Choukroun et al.
(2025) or in Figure here, the diameters obtained from the two techniques are
generally in excellent agreement. In the few cases where a discrepancy is observed
(e.g., asteroid (215) Oenone), the cause is usually easy to identify. For this object,
only one occultation event with two positive chords was available, the minimum
number required according to our criteria. For a moderately elongated body, a single
silhouette is insufficient to constrain the diameter robustly, despite the intrinsic
accuracy of occultation timings. In such cases, the diameter determined by CITPM
is likely to be more realistic. We also compared our results with the values from the
literature (see Fig. 5 in |Choukroun et al.|2025 and Fig. here). When previous
works reported a single best-fit value, we used it; when they gave averages or multiple
diameters (e.g., mirror-pole solutions), we used the average—and did the same for
our own unresolved pole cases. The comparison shows our values agree with previous
works, and the residuals are, on average, smaller than those based solely on literature
values. The complementarity of these two approaches is evident. Occultations offer
unrivalled precision on individual diameters but are difficult to obtain, requiring
coordinated efforts from several observers for each event. Thermophysical models
of asteroids, on the other hand, have become increasingly feasible thanks to the
growing availability of thermal data from dedicated surveys and archives (Hung
et al., 2022). While they remain limited by the number of asteroids observed in the
thermal infrared, they provide a practical and powerful alternative.

44



CITPM diameter vs occultation diameter

e x=y
120 -+ Pole 1 1 79
c -+ Pole 2 -
~ 811 - 814
& 100 2373
g 777357
GEJ 366/~
K
5 80 e
2 P
o
S TS0
S o0 395 317 450 *
A
S 21557 - 62
/‘6/7 ’2

672"
3 20 I dual
S —e— Pole 1 Residuals
= 18 ~———— —+— Pole 2 Residuals
©
2-10
220
-4

40 100 120

60 80
CITPM diameter (km)
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Chapter 4

Conclusions and future prospects

In conclusion, comparison between diameters from occultations and thermophysical
modeling has never been performed before on such a scale (see also Table A.1 and
Figure 5 in|Choukroun et al,2025)). While|[Herald et al.[(2020]) determined occultation
diameters from complex shape fitting, they compared them to the averaged values for
diameters from simplified thermal models, which assume spherical asteroid shapes.
For most of the asteroids in our sample, spin and shape models were obtained here
for the first time, and none had previously determined thermal inertia values. By
combining these two methods, we were able to resolve inconsistencies in diameter and
albedo estimates, reducing the discrepancies from several tens of percent down to
only a few percent (Choukroun et al.l 2025)). This not only strengthens the robustness
of our results but also demonstrates the power of using complementary approaches in
asteroid characterization. From a methodological standpoint, the CITPM approach
jointly fits visible light curves and thermal infrared data through the cost function
given in Eq. [3.13] This unified optimization makes it possible to optimise and
scale shape models while simultaneously constraining thermal inertia and surface
roughness, rather than relying on fixed shape solutions. Internal comparisons show
that, when data quality is sufficient, CITPM diameters are consistent with those
derived from multichord occultations, and that remaining discrepancies can mostly
be explained by chord coverage and geometry.

The processing pipeline STEROID (Choukroun et al., submitted (Paper 1)) played
a crucial role in efficiently handling large sets of images and extracting accurate
photometry for moving targets. Its automation and robustness significantly improved
the homogeneity and quality of the lightcurves used as input to asteroid shape
modeling and thermophysical analysis.

Scientifically, the combined approach has proven its operational value beyond the
main sample. The case of (269) Justitia illustrates how a spin and shape model scaled
with CITPM can narrow down the size (~ 58 + 2 km) and albedo (= 0.058 £ 0.006),
while also providing useful constraints on surface roughness and thermal inertia,
particularly in the context of planned dedicated space mission (Marciniak et al.,
2025)).

In addition, part of this work contributed to the large-scale effort of scaling
slowly rotating asteroids through stellar occultations only (Marciniak et al., |2023).
In that study, 16 main-belt slow rotators were modeled using dense light curves
and precisely scaled by fitting multichord occultation events. This approach not
only resolved long-standing inconsistencies in size determinations but also helped to
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break mirror-pole ambiguities inherent to light-curve inversion, leading to the first
reliable spin and shape models for many of these bodies. The resulting well-scaled
models provide a robust foundation for accurate density estimates when combined
with future mass determinations.

This work also sets the stage for further developments. Because CITPM is a high-
dimensional multivariable model with a complex response surface containing many
local minima, extensive scans over thermal inertia and surface roughness are required.
Automating these procedures has greatly improved both efficiency and reproducibility.
Moreover, the additive form of the cost function (Eq. can naturally be extended
to include additional datasets by adding weighted terms. Rewriting and optimizing
the CITPM code to generalize this scheme and reduce computational time will
be a key step for future work. Combined with continued photometric monitoring
and well-coordinated occultation campaigns, these improvements will enable an
increasing number of asteroids to be characterized with percent-level diameters and
well-constrained thermophysical properties.

Moreover, systematic and significant discrepancies between occultation diameters
(with good chord coverage) and CITPM solutions can flag excess thermal flux not
accounted for by a single body (Brown & Butler] |2018). Such an excess can be
consistent with an unresolved companion (a binary), making this joint analysis a
powerful pre-screening tool for binary asteroid candidates to be confirmed by other
techniques.
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1. Choukroun, A., Kaminski, K. & Marciniak, A. (2025) STEROID: A Python
package to automate asteroid and star photometry, submitted to Acta Astro-
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This article describes in detail the Python package STEROID, introduced in
Section [2.2] The package was fully developed and documented by the author
of this thesis. Over the course of its use, which made it possible to reduce and
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a reliable and efficient tool, tested by different users in multiple environments.
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2. Choukroun, A., Marciniak, A., Durech, J., Perta, J., Ogloza. et al. (2025)
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This article presents the main results of this thesis. The work reported includes
all CITPM models, the procedures used to build and validate these models, and
part of the data processing performed by an author with STEROID (around
50 lightcurves). The author of this thesis carried out the thermophysical
modeling of all the targets, the analysis of the results, and their comparison
with occultation-derived diameters. He also proposed the interpretation of
discrepancies between the two methods and the discussion of their respective
uncertainties. The author also performed a thorough literature review for
asteroid diameters based on stellar occultations and thermophysical modelling.
The article text was written by the author of this thesis, with the exception of
subsections 4.2 and 4.3.

3. Marciniak, A., Choukroun, A., Perta, J., Ogtoza, W., Szakats, R. et al. (2025)
Thermophysical model of (269) Justitia — Main Belt Asteroid Possibly Implanted
from Trans-Neptunian Region., The Planetary Science Journal, 6, 60
https://doi.org/10.3847/PSJ/adb28b

This article is a case study of asteroid (269) Justitia modeled with the CITPM.
The significance of these results is twofold. First, this main-belt asteroid
exhibits several properties that are usually associated with trans-Neptunian
objects. Second, it is the primary target of the upcoming MBR Explorer space
mission, which gives this study a high value as a preliminary investigation. At
the time of this work, the author of this thesis was learning to use the CITPM,
and therefore produced a model in parallel with that of the lead author of
this article in order to validate the results. The author of this thesis also
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This study focused on scaling 16 shape models of slow rotators, obtained
through convex inversion, by using stellar occultations. In addition to deriving
accurate diameter values and spin and shape models, the method also allowed
us, in some cases, to resolve pole ambiguities. For this work, the author of
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ABSTRACT

Multiple areas involving photometric studies experience a flood of raw telescopic data, that need
to be processed automatically. Although many software solutions exist, few of them are capable of
making automated detection and precise measurements of moving targets.

In this study we developed a modular package to automate photometric procedures in Python.
Our package can reduce image frames, estimate drift and rotation between the frames, and/or perform
aperture photometry for accurate lightcurves. We also integrated tools for detecting and tracking
moving objects, particularly asteroids. Utilizing this package, we processed a large volume of data,
extracting over a hundred asteroid lightcurves, validating its robustness.

Key words: Photometry — Package — Python — Asteroids

1. Introduction

The advent of large, telescopic surveys, but also automatisation of ground-
based telescopes result in unprecedentedly large amounts of imaging data. Such
raw data need to be corrected (reduced) for instrumental effects, and measured for
a photometric measurement. Automated aperture photometry, although simple in
principle (Howell 1989), often requires overcoming many adversities, like field
drift and rotation during the observing sequence. The issue becomes even more
complex if moving objects, like asteroids, are studied. Their movement against
the star background challenges their measurements, because apertures need to be
shifted accordingly, also their brightness can get distorted when when passing close
to background stars.

In response to these challenges, we developed a photometric analysis package
named STEROID. It aims to be modular, easily adaptable, efficient to run, able
to deal with substantial image drifts and rotations, independent on plate solving,
automatically detects slowly moving objects (asteroids) which are present in most
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of the analyzed images, automatically deal with potential target and star field image
blending and freely available to the community.

Certain tools already exist (see for example Photometry Pipeline: Mommert
(2017), a pipeline by Ofek et al. (2023), TSD-YOLOv4 coupled with TSCNet
classifier: Shi et al. (2022) or PRAIA by Assafin (2023)), but we found them miss-
ing in certain of important areas depending to the tool. Some algorithms are unable
to detect moving objects, while others can only identify those previously cataloged
in a database. Furthermore, the detection sensitivity may be insufficient for faint
targets. Moreover, these tools are often highly specialized within their respective
domains, which limits their adaptability and prevents other fields of research from
benefiting from their advancements.

It is noteworthy that many of existing photometric tools rely on plate solving for
positioning photometric apertures. While this approach has its advantages, it is not
flawless. Blind plate solving requires significant processing power, often disregards
some subtle effects such as differential atmospheric refraction, higher order optical
distortions or differential atmospheric dispersion. Many of them also require an a
priori knowledge of accurate targets coordinates, which limits the analysis to well
known objects.

In this work we provide a detailed description of our algorithm and exam-
ple lightcurves processed exclusively with our package, from raw images to fi-
nal curves. The Discussion section addresses strengths, weaknesses, and potential
improvements, concluding with a summary of STEROID’s capabilities in the Con-
clusions section. Because of its open nature we anticipate future improvements,
as elaborated further in the Discussion section. We will maintain an updated de-
scription of the current design and provide documentation on the GitHub page:
https://github.com/antoinechl3/Steroid (antoinechl3 (2022)).

2. SPECIFICATIONS AND STRUCTURE

STEROID is written in Python using the following external libraries: numpy,
matplotlib, scipy, tensorflow, pandas, opencv, astropy and photutils. The general
structure with the software is presented in Fig. 1 or in the GitHub repository.

One of the main ideas of STEROID is to be modular. Main modules have
clearly defined inputs, outputs and configuration, and can be used independently of
others. Therefore, each block of code can be imported into independent projects
according to user needs, allowing them to build their own pipeline. In our work
we were focused on asteroids, therefore we used STEROID’s blocks to build our
pipeline, which is also available in STEROID and which can be use as an example
and starting point for other projects. This pipeline is stored in photometry.py file.
Our pipeline requires a series of images in FITS format containing at least several
common stars in all images. Bias, dark and flat images can also be provided, but al-
ready reduced FITS images can also be used. For the photometry, we used photutil
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Figure 1: Main components of STEROID package (blocks) and typical photometric
data processing flow (arrows).

however other photometric libraries can also be easily integrated.

STEROID provides multiple classes. A description of them as well as their
methods can be find on the GitHub page. However the most important ones are
the following classes: - The class Corrector to correct images from image drifts
and rotations - The class Detector to detect moving objects - The class Fit which
manage individual images - The static class Utils which provide multiple usefull
methods. The principles of algorithms behind these methods are described in the
section 4.

3. IMAGE INTERPOLATION

Telescope tracking is seldom perfect, resulting in misalignment or "drift" be-
tween consecutive images of the same field. There may also be a rotational mis-
alignment between images, especially for horizontal mounts. Therefore, it is crucial
for the code to estimate both the drift and rotation angle for each image regardless
of its source. Common image processing software addresses this issue with data
interpolation algorithms (see Danielsson & Hammerin (1992)). Each interpolation
introduces errors as is demonstrated in Table. 1. A test image was rotated by sev-
eral interpolation methods: nearest-neighborhood, bilinear, bicubic and adaptive
and each time aperture photometry with identical apertures was obtained.

It is clearly visible that pixel interpolation can influence the quality of pho-
tometry at the level of about 0.1 mag for the simplest interpolation and about 0.01
mag for the most sophisticated interpolation method tested. Therefore our algo-
rithm deals with image shifts and rotation without any pixel manipulation, only by
carefully calculating aperture positions.



Tablel

Errors in aperture photometry from bright stars in images obtained by different interpolation
methods.

average difference [mag] | RMS [mag]
Original (reference) 0 0
nearest-neighborhood -0.0175 0.099
bilinear -0.01 0.015
bicubic -0.005 0.018
biquadratic -0.005 0.018
adaptative -0.0125 0.013

4. ALGORITMS

4.1. Detection

The detection process can be cut in two steps: the first one to binarise images
in order to detect objects and to isolate them from the background (cf. Garg &
Garg (2013)). During that process each pixel above a selected threshold is assigned
a value of 1 while other pixels are set to 0. The second step is to determine the
centers of all objects detected during the binarisation step.

4.1..1 Binarisation

The general idea of binarisation algorithm can be found in the literature (see Bertin
& Arnouts (1996), or Bradley et al. (2023)). The main difference in our approach
comes from our way to automatically estimate a signal threshold value.

Following our empirical investigations, the decision was made to establish the
threshold value based on the inflection point present on the logarithmically trans-
formed histogram (cf. Figure 2). This approach improves object detection accu-
racy, basing on the inherent characteristics of the signal distribution.

To determine the position of the deflection point in the image intensity his-
togram we model it as a superposition h(ADU) = o(ADU) + n(ADU) of density
function characterizing signal from objects o(ADU) and density function associ-
ated with noise inherent to the frame n(ADU). To model the histogram, we com-
bine the logarithm of a Gaussian (for the noise part of the histogram) plus a linear
equation (for the signal part of the histogram). Fig. 2 presents and example fit of
h(ADU) function to a histogram of a star field image. Such a simple approach is
sufficient to estimate the ADU value of the histogram deflection point and deter-
mine binarisation threshold with high accuracy. If non-gaussian noise is dominant
or signal distribution is atypical other functions can be used instead. Fig. 3 shows
a comparison of binarisation using common threshold of median + standard devi-
ation and our histogram modeling method. It is clearly visible that our approach
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results in detection of more stars.
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Figure 2: Blue curve: logarithmic histogram of an image signal. Orange curve: fit
to the blue curve. As can be seen, the model is able to find the point where the slope
is changing (visible on the orange curve as the fast oscillation intersecting the data
on the red point).

_a) Original b) Statistical treshold

c) Histogram based treshold

Figure 3: a):A zoom in an original image of a random star field. b) and c¢): Binarised
image a) using two different techniques for threshold signal (standard statistics and
slope break technique, respectively).

4.1..2 Determination of objects position

STEROID uses a method close to Modified Moments, suggested in Stone (1989).
Modified Moments technique uses a threshold level to determine which pixels
should be included or excluded from the computation by applying value O to all
pixels below that threshold. This approach helps to mitigate the influence of back-
ground noise and ensures more accurate moment calculations. STEROID applies a
modification to Stone’s approach by using only pixels from a contour of a particu-
lar object of the binarised image. Our approach have two major advantages which
improve performances: The first advantage is using a contour detection algorithm
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on binarised images will, by nature, isolate each objects to each other. The sec-
ond advantage is that, as each contour is closed and C' by parts, it is possible,
via Green’s theorem (Green 2008, Yang & Albregtsen 1996), to change double
integral (double sum) at the surface of the image for each objects into one inte-
gral along contours. The importance of determining the threshold, as explained in
Section 4.1..1, becomes clear here: the more accurately the threshold is estimated,
the more objects will be detected. Another significant advantage of using contours
instead of directly calculating image moments is evident in cases where the ob-
ject’s signal is asymmetric and the highest ADU pixel is not centrally located. In
such situations, the computed centroid may also be off-center, leading to subopti-
mal aperture placement. By using contours defined by a threshold, the centroid is
calculated within an iso-intensity boundary, which helps ensure it is centered on
the actual signal distribution, thereby maximizing the signal-to-noise ratio (SNR)
when used to determine aperture positions.

Currently, our algorithm does not use any deblending of merged images. This
is done for two reasons. For star background matching blended images are as good
as deblended images, for targets we decided to disregard such photometry because
of its lower quality.

Figure 4: Detected object centers (cirlces) overploted on original image.
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4.2.  Frame correction: pattern recognition

We assume that most objects (stars) in the field of view have undetectable low
proper motion and that at least a fraction of them is recorded in a sequence of
images which are being analyzed. Our algorithm is looking for repeatable star
patterns and uses them to determine relative image shifts and rotation.

4.2..1 Building Patterns

The following procedure is used for building patterns composed of groups of 5
close stars.

* Select the first star of the initial frame: determine centroids of all objects in
the first frame using procedure described in section 4.1. and store them in an
array. The first one is used as a starting point for pattern creation.

¢ Determine four nearest stars: Locate four stars closest to the selected star.
This step defines the group of stars included in the initial pattern.

* Construct triangles using these five stars: Utilize these five stars to form five
distinct triangles, then store them in a dedicated object called "pattern".

* Repeat the process for each detected star on the first frame: Iterate this pro-
cess for every star detected in the image, creating a list of patterns for the
image.

* Iterate this process for each frame in the sequence: Apply this process to
each frame in the sequence, generating a series of patterns for each image.

The decision to construct patterns using five stars stems from the fact that
smaller number of stars significantly increases the probability of false positive iden-
tification of such pattern. This is partly due to the fact that we intentionally select
nearby stars to increase the probability of finding the same pattern even when large
drift is observed. Therefore relative position errors are larger than for patterns
composed from more distant stars. It also decreases the influence of false positive
detection of stars to the pattern recognition process. Illustration of pattern creation
is presented in Fig. 5.

4.2..2 Evaluation of the field position correction

Once the algorithm completes the pattern construction process for each frame, the
subsequent step involves comparing these patterns to those from the initial frame of
the sequence. Identifying identical stars between the first and the ith frame, where
1 € N and N represents the total number of frames in the sequence, relies on the
assumption that stars in a pattern are stored in the same order as in the first image.
Identifying identical patterns between images comes down to comparison of pixel



Figure 5: Same image as in Figure 3, and in Figure 4, with all the patterns built by
the algorithm. Colour code is used to distinguish patterns. Patterns on borders are
cut because this image is a zoom of a bigger image

distances between the different sides of the triangles that form the pattern. If they
are all identical within a margin of € (which have a default value set to 2 pixels in
STEROID), then the two patterns are considered identical.

To calculate the angle of rotation between two images all cross-idetified star
pairs are used to construct vectors. A median angle and direction between all cor-
responding vectors, which are composed of the same stars, are calculated using
inner and cross products.

Subsequently, after correcting for image rotation, the median value of pixel
position differences Ax and Ay drifts are evaluated between the corresponding
stars in the first image and the ith image.

4.3.  Moving objects detection

The method used in STEROID involves selecting one frame from the beginning
and another from the end of the sequence, and comparing the positions of objects
(after correction for frame rotation and drift) in both images. Any object present at
position P; in the initial frame, but absent in the second one, can be classified as a
potential moving object (PMO). Subsequently, we employed additional algorithms,
such as a convolutional neural network (CNN), to identify false detections and find
moving objects (MO).

Procedure

The MO detection algorithm works as follows:

* Find two similar images: one at the beginning and one at the end of the
sequence (the definition of "similar images" will be described later).

» Compare pixel positions of all objects in the second frame with those in the
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first frame. If an object from the first frame is not found at the same position
in the second frame, classify it as a potential moving object (PMO).

* To classify PMOs as either moving objects (MOs) or false positives, extract
a crop from the first frame, spanning approximately 10 to 20 pixels around
each PMO. Repeat the process at the same position in the second frame.
The rationale behind this approach is that after correction for rotation and
drift, stars should consistently occupy the same position in all the frames.
Therefore, if a star was detected as a PMO due to not behing detected on one
images (see Figure 6), the crops made at the same position on both frames
should have this star in both of them.

* For all crops, pass the crop from the first frame through a simple convolu-
tional neural network (CNN) for binary classification (identifying whether
there are any objects). Repeat the process for the corresponding crop from
the second frame. If an object is detected in the crop from the first image, but
not the second, the PMO can be classified as a MO. If an object is present in
both crops, the PMO can be classified as a false positive (e.g hot pixel).

Using the first and the last image of a long series is not always optimal for target
detection. Due to multiple causes (twilight, cloud passages, seeing changes...),
the SNR (signal to noise ratio) can change substantially during the series. The
consequences of this is, first: the number of objects detected on these two frames
will not be representative of the average number of detected objects on each frame
of the sequence, and second: the number of objects detected on the first frame can
be substantially different from that on the last one. So, we make sure to select
two frames which have high and similar number of detected objects (see Figure 6).
By doing that we reduce the number of PMOs and, at the same time, reduce the
computational time and potential false detections.

4.3..1 Classification of PMOs

We developed and trained a simple CNN based on the AlexNet architecture (Krizhevsky
et al. 2012) to facilitate the classification of frames based on the presence or ab-
sence of objects. If the object is absent in the second frame, it is classified as a MO;

if it remains in the same position, it is considered a static object.

To train the network, we manually cropped 8588 objects and background from
various images. This approach allows the CNN to learn to classify presence or lack
of objects in the cropped images. Consequently, the CNN is trained not only to rec-
ognize objects but also to find object-free regions. 80% of this dataset was utilized
as the training set, while the remaining 20% was allocated to a validation set. The
datasets were randomly partitioned to mitigate the risk of overfitting. Addition-
ally, 85 more crops with labels were included as a test set. Following the training
process, the algorithm achieved a good F1 score of 99% (see Table 2).
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Figure 6: Changes in number of detected objects along a sequence of example
images. The orange line corresponds to the median. Green lines correspond to

median + 5%. The first frame selected for defining the field shift is frame number
8 and the second one is number 35.
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Figure 7: CNN based on the AlexNet Architecture. Input image should be a crop
of a maximum of 20x20 pixels. The output is simply a boolean. If an object is
present on input image (as here), the output will be true. If no object is present,
the output should be false. Orange boxes are convolutional layers and red ones
represent max pooling. Violet colour denotes dense, fully connected layers and
the last box represents the output classification layer. Numbers under the corner
of boxes represent the width and height of the layer. Numbers under the boxes
represent the channel (example: the first layer is (20 x 20 x 32) ).
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Table?2

Results of neural network training. "Crop empty" line presents classification result of background
crops (without any objects). "Object present” line is the same for crops with objects.

precision | recall | F1-score
Crop empty 1 0.98 0.99
Object present 0.98 1 0.99

Despite the good results of the CNN, it does not score perfectly. It is for this
reason that all previous steps are important. Reducing the number of PMOs also
reduces the number of errors (1% of 100 PMO is still higher than 1% of 10).

4.4.  Full width at half maximum (FWHM) estimation

The algorithm for automatic determination of FWHM works as follows: This
algorithm, is needed for automatic determination of the aperture size. It works as
follows: for each star of interest, locate the pixel {P(io, jo) | io € X A jo € Y} with
the maximum value MAX, then scan along the x and y axes around it to identify
pixels such as

{P(i, jo) | P(i, jo) > M5X NP(i£1, jo} < 5%} W
{Pio. ) | Plio,J) = 5% A Plio, j+ 1} < ¥5%},

In the Discussion section, we describe potential enhancements to make this
algorithm more accurate.

4.5. Star passages

When working with Moving Objects (MOs), it is quite likely that along the on-
sky path of the target, there may appear static objects, primarily stars, which can
temporarily interfere with the photometric measurements. STEROID automatically
detects such situations to avoid performing photometry on such frames to prevent
introducing errors into the lightcurves. For each MO it first filters the detected
stars to those close to the object’s path. This is done by identifying stars that lie
within a box surrounding the MQO’s trajectory. It then compares the positions of
these stars with the position of the object in each frame. The advantage of this
approach is that, instead of comparing the MO’s position with all detected stars
in each frame—which has a computational complexity of Ny x N, X N;, where Nj
is the number of detected stars, N, the number of MOs and N; is the number of
images—the code only compares MO positions with stars within the defined box.
This reduces the complexity to Ng, X N, X N;, where Ny, is the number of stars
inside the box. Since Ny, < N, ((typically fewer than 3, whereas N, can reach
several hundreds), the performance is significantly improved.
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Constructing the box is a key step in the algorithm. It must be placed around
the MO’s path and oriented in the same direction. In the code, the box is built
analytically by solving the following system:

Ay=—21p @
(P, —Ax) +(Py—Ay)? =cx FWHM,

The meaning of the variables P and A is illustrated in Figure 8. The parameter c is
adjustable (default value: 3), and a and b are the parameters of the red line shown
in the same figure. The first equation corresponds to the blue line in Figure 8, while
the second equation represents the green circle.

The analytical solutions of the system described by Equation 2 are as follows:

=A,+2/c X FWHM X

2
P! :A)——\/chWHMx o
, | PE=A—2\/cx FWHM x 4~
P, = )

133:Ay+2\/c><FWHM><

a1

Figure 8: Explanatory diagram of the box construction process. Ay, represents the
position of the MO, while P;y denotes the position of corner i of the box. The
blue star indicates the initial MO position, and the red star indicates the final MO
position.

4.6. Photometry

STEROID uses circular apertures to perform automatic, relative (uncalibrated)
photometry. Target aperture is placed at centroid position and by default has rege
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= 2*FWHM radius. Sky annulus has default radius of 1.5%rreer and 2*rgger. The
photometry is managed by the photutils librairy. Input images are assumed to be in
ADU. Uncertainties are evaluated following (Merline & Howell 1995):

-
N = \/Nsource +npix(1+ ’flx)(NS +ND+NI%+G26%), (5)
B
where Ngource 18 the signal from the source, npix is the number of pixels in the
photometric aperture, np is the number of pixels in the background annulus, Ny is
the sky background signal, Np is the dark current, N3 = (Gog)? is the variance of
the read noise, GZG} is the variance of the flat-field noise and G is the gain. The
determination of the gain and Gg is based on a linear regression approach of the

methode described in (Howell 2006):
, 1

o' = Zu+t o3, (6)

We define 6> = w, where F] and F> are two flat images. Similarly, we de-

fine u = M, where (F;) and (F) are the mean values of the two flat images.
The read noise variance is given by 6% = w , where B and B; are two bias

images. This procedure is applied in four different scenarios depending on the data
provided by the user.

Case 1:

Both flat and bias images are provided. In this case, we directly compute 6%
from the bias images, and use linear regression to determine the gain.

Case 2:

Only flat images are provided. In this case, we cannot directly compute 6%, but
we can still calculate 6% and u from the flat images. Then, using linear regression,
we can estimate both the gain G and an effective value of 6%. It is important to
note that in this case, 6% does not solely represent the read noise, but also includes
other noise sources, leading to lower accuracy.

Case 3:

Only bias images are provided. In this case, we can accurately determine 6%,
but not 6% or u, as flat images are unavailable. However, we can still perform a
linear regression using equation 6, replacing flat images with source images.

Case 4:

Neither bias nor flat images are provided. In this case, we follow the same
approach as in Case 2, but replace flat images with source images.

In the case of differential photometry, the differential light curve is given by
lca = lctarger — lcrer . The associated uncertainty is given by:
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Na = \/ Niwger + N2 (7)

where Icirger and Nyreer are the light curve and the uncertainty of the target,
and [cr and Nt are the light curve and the uncertainty of the reference object.

Optionally user can filter deviating points from a resulting lightcurve and bin
the results. Filtering is done by used defined polynomial fit and threshold. Binning
is used with user defined time step. Moving average is not used because of the risk
of combining distant point in case of large gaps in the lightcurve.

5. RESULTS

In this section, we show an example lightcurve created with our pipeline tai-
lored to asteroids, which is available as the Photometry class for differential pho-
tometry.

Image a) Image b) Image c)

Figure 9: Images taken at different moments of another observing sequence. Im-
age a) shows an asteroid surrounded by three stars chosen as potential reference
stars. Image b): another frame from the same sequence, where an artificial satellite
crossed the field, passing through the aperture of a reference star. Despite this minor
disturbance, the aperture remains centered on the star and does not lose tracking.
Image c): similar field as in a) and b), but after rotation and automatic aperture
re-centering.

Figure 9 shows three images from a sequence of 34 frames each exposed 300s
of the asteroid (901) Brunsia, taken on May 20, 2022 by the 0.7m Roman Bara-
nowski Telescope (RBT) of Astronomical Observatory of Adam Mickiewicz Uni-
versity located in Arizona, USA. As can be seen in the figure, several disturbances
occurred during the observation. In image b) a satellite traversed the field through
one of apertures. In image c) the field underwent a rotation caused by the filed
rotation of alt-az telescope when tracking close to zenith. Despite these a big shift
between images and this two events, which could challenge more traditional pho-
tometric softwares, the apertures remained well-centered on their targets and were
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Figure 10: Light curve of asteroid (901) Brunsia produced by our pipeline using
STEROID. Blue symbols represent the brightness of the asteroid relative to the
main reference star (s1). The other two symbols represent the relative brightness of
additional reference stars compared to s1. Red points correspond to data rejected
by the outlier removal algorithm. The aperture labeled s1 corresponds to the one
affected by a satellite passage, visible in panel b) of Figure 9. 6, = 0.012

not disturbed. The satellite passage in image b) create an extreme point in the fi-
nal lightcurve, but this is effectively handled by the algorithm dedicated to outliers
removal as shown on Figure 10. A gap in the lightcurve is also visible around JD
2458992.72. This gap is not caused by the pipeline, it corresponds to the time re-
quired for the alt-az telescope had to stop tracking close to zenith. Another example
of light curves produced by STEROID can be found in Figures 11 and 12.

Figure 11 shows three images from a sequence of 225 90s frames frames of
the asteroid (657) Gunldd, taken on October 22, 2020. The sequence was acquired
by the 0.6m telescope of Mt. Suhora Astronomical Observatory in Poland. This
figure is similar to Figure 9. However, in image b), the aperture around the asteroid
appears red. This is due to the star passage detection algorithm. This behavior is
also visible in Figure 12, which shows the light curve of asteroid (657) Gunlod.
The gap in the light curve is caused by the algorithm flagging and removing data
affected by a star passage. Without this correction, the light curve in that region
would increase by up to 0.5 magnitudes. Another noteworthy aspect is that, since
the asteroid tracking does not rely on aperture centering, it remains unaffected by
the brighter star.
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Image a)

Image b)

Image c)

®

it

Figure 11: Three different images taken at different moments of the series. a):
Image taken at the beginning of the sequence. The topmost aperture marks an
asteroid. Three other apertures in the bottom mark reference stars automatically
selected by the code. b): Same field after when the asteroid has already moved.
The aperture is now red, because the pipeline has detected a star passage. c): Image
taken at the end of the sequence.
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Figure 12: Light curve of asteroid (657) Gunlod created with our pipeline. Blue
symbols represent brightness of asteroid versus main reference star (s1). Two other
symbols represent relative brightness of other stars versus main star (based on data
published in (Marciniak et al. 2023)). 6,051 = 0.004

The STEROID package demonstrates its ability to produce clean and accurate
lightcurves and can properly track reference stars, asteroids, flag star passages, and
reject transient disturbances such as Earth satellite trails.
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6. DISCUSSION

STEROID was tested on dataset composed of over 110 nights which contained
more than 20 000 frames, without counting reduction frames. It worked reliable
for images with relatively flat sky background, but exhibited problems in detecting
objects in images with severe background variations. This is due to difficulty in
estimation of a single threshold for the whole image.

b) Log histogram of image a) signal with fitted model
a) Image —— hist
— fit
D% e threshold

logzo(Number of pix

(o] 1000 2000 3000 4000 5000
ADU

Figure 13: a): An image with faults. These faults might be due to technical prob-
lems or numerical failures if the reduction for flat-fields was done with another
code that failed, or had poorly adapted parameters. Image b) presents, in blue, the
histogram of image a) and, in orange, the model

Figure 13 shows a case that can be problematic for STEROID. Due to multiple
flaws of different origins, the histogram significantly deviates from the typical log-
arithmic shape, as illustrated in Figure 2. In such cases, the threshold determined
by STEROID tends to be high in order to avoid detecting noise. However, the user
has the option to add an offset to the threshold value and manually adjust the de-
tection level. This feature can be useful if the targets of interest are sufficiently
bright. On the other hand, for faint targets, setting the threshold too low may re-
sult in the detection of artifacts, which can interfere with proper image correction.
For this reason, the offset value can be adjusted dynamically. It can be set higher
during the star detection stage in the image correction process, and lowered during
the moving object (MO) detection phase. Because of this flexibility in threshold
adjustment, evaluating STEROID’s performance remains complex. Moreover each
computer, each systems and each environment are different which directly impact
performances of python. Nevertheless, with a smart strategy—using a high offset
for frame correction and a low offset for MO detection—the algorithm is able to
process 600 frames of 1528 x 1528 pixels in around 5 minutes. Considering that
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STEROID is written in Python, its performance remains impressive. Moreover, the
modularity between image correction, moving object detection, and photometry of-
fers a significant advantage: if users need to adjust parameters during any of these
steps (e.g., during the photometric process), they do not need to repeat the previous
ones, saving valuable time. From an algorithmic point of view, STEROID provides
multiple solutions to various problems. However, not all of these solutions are
optimal. For example, the FWHM determination (see Section 4.4.) is performed
separately along the x and y axes of the image. Yet, astronomical objects are not
always perfectly circular, nor aligned with the image axes-they may be oriented
along rotated axes X (x,y) and Y (x,y). In such cases, the algorithm could be im-
proved by using higher-order moments. The detection of moving objects could also
be improved. In particular, STEROID can sometimes overdetect objects and, in im-
ages with a high object density, may struggle to accurately identify the direction of
motion. Using a deep learning model that retains temporal dependencies-unlike
CNNs, which only preserve spatial ones-could be a promising approach. Despite
these limitations, STEROID’s flexibility allows users to overcome most potential
issues with ease. Another point worth improving is that STEROID performs pho-
tometry on ADU images. If the input images are in electrons, STEROID can still
perform photometry, but the uncertainties will be incorrect. Finally, it is worth not-
ing that by the time readers consult this article, some or all of these points may
already have been addressed. To stay updated on the latest developments, please
visit the GitHub project page : https://github.com/antoinechl3/Steroid.

7. CONCLUSIONS

The STEROID package has demonstrated very good performance in automatic
reduction and photometric analysis of asteroid imaging observations, particularly
in the realm of frame positional correction. Although certain improvements are
planned for specific aspects of the tool, we have already established robust solu-
tions for most of its functionalities. Given our focus on asteroid photometry, it is
possible that some tools might be lacking for other specific research areas, but the
modular structure of the package allows for easy adaptation and integration with
other tools. Since the primary objective of this library is to empower users to com-
fortably develop their own procedures without undue time consumption, we want
to emphasize that the STEROID code is open source. Anyone interested in con-
tributing or offering insights on algorithms, with potential to enrich those currently
present in STEROID, is more than welcome to join our collaborative effort.



Vol. 0 19

REFERENCES

Assafin, M. (2023), Planetary and Space Science 239, 105816

Bertin, E., Arnouts, S. (1996), A&Aps 117, 393-404

Bradley, Larry, Sip6cz, Brigitta, Robitaille, Thomas, et al. (2023), Zenodo v1.8.0,

Danielsson, Per-Erik, Hammerin, Magnus (1992), CVGIP: Graphical Models and Image Processing
54, 340-344

Garg, Naresh, Garg, N (2013), International Journal of Computer Applications 71, 8—11

Green, George (2008), arXiv e-prints , arXiv:0807.0088

Howell, Steve B. (1989), Publications of the Astronomical Society of the Pacific 101, 616

Howell, Steve Bruce (2006), Cambridge University Press S,

Krizhevsky, Alex, Sutskever, Ilya, Hinton, Geoffrey E (2012), Advances in Neural Information
Processing Systems 25,

Marciniak, A., Durech, J., Choukroun, A., ef al. (2023), A&Ap 679, A60

Merline, W. J., Howell, Steve B. (1995), Experimental Astronomy 6, 163-210

Mommert, M. (2017), Astronomy and Computing 18, 47-53

Ofek, E. O., Ben-Ami, S., Polishook, D., et al. (2023), Publications of the Astronomical Society of
the Pacific 135, 065001

Shi, Jing-Hang, Qiu, Bo, Luo, A-Li, et al. (2022), Monthly Notices of the Royal Astronomical Society
516, 264-278

Stone, Ronald C. (1989), AJ 97, 1227

Yang, Luren, Albregtsen, Fritz (1996), Pattern Recognition 29, 1061-1073



A&A, 698, A298 (2025)
https://doi.org/10.1051/0004-6361/202554476 %t rono my
© The Authors 2025 Astrophysics

Asteroid sizes determined with thermophysical
model and stellar occultations

A. Choukroun"*®, A. Marciniak!®, J. Durech? ,J. Perta'®, W. Ogloza3 , R. Szakdts*>®, L. Molnar*>-%7
A. Pal*>-3®, F. Monteiro”'1°®, I. Mieczkowska', W. Beisker!'®, D. Agnetti' I C. Anderson'?, S. Andersson'’,
D. Antuszewicz'!, P. Arcoverde®, R.-L. Aubry13, P. Bacci'l, R. Bacci!!, P. Baruffetti!!, L. Benedyktowiczl b
M. Bertini'!', D. Btazewicz'!, R. Boninsegna”, Zs. Bora*, M. Borkowski!!, E. Bredner'?, J. Broughtonlz,
M. Butkiewicz-Bak', N. Carlson'?, G. Casalnuovo!!, F. Casarramona!', Y.-J. Choi'4, S. Cikota'>, M. Collins'?,
B. Cseh*%16 G, Cs(jrnyei4, H. De Groot'!, P. Delincak!!, P. Denyer'z, R. Dequinzelz, M. Dogramatzidis“,
M. Drézdz?, R. Duffard'’, D. Eisfeldt!?, M. Eleftheriou!!, C. Ellington'®, S. Fauvaud'*-'°, M. Fauvaud'*'°, M. Ferrais?,
M. Filipek'!, P. Fini!!, M. Frits*, B. Gihrken'!, G. Galli'!, D. Gault®!, S. Geier?>:?3, B. Gimple'?, J. Golonka®*,

L. Grazzini'!, J. Grice?, K. Guhl'!, W. Hanna?', M. Harman!', W. Hasubick!!, T. Haymes“, D. Herald?', D. HigginsZ6,
R. Hirsch!, J. Horbowicz!, A. Horti-David*, B. Ignécz4’5, E. Jehin?’, A. Jones?®, R. Jones!2, D. Dunham!2, Cs. Kalup4,
K. Kaminski!, M. K. Kamiriska!, P. Kankiewicz?®, M. Kaplan30, A. Karagiannidis“, B. Kattentidt'!, S. Kidd!!,

B. Kirpluk?*, D.-H. Kim'*3!, M.-J. Kim'4, 1. Konstanciak', G. Krannich'!, M. Kretlow!”, J. Kubanek!!-32-33,

V. Kudak?*, P. Kulczak!, M. Lecossois>, R. Leiva!’, M. Libert'!, J. Licandro??-3, P. Lindner'!, R. Liu'?, Y. Liu'?,
G. Lyzenga'?, M. Maestripieri!', C. Malagon'!, P. Maley'?3’, A. Manna'!!, S. Messner!'?, O. Michniewicz3®,

M. A. Miftah?’, M. Mizutani*®, N. Morales!”, M. Murawiecka!, J. Nadolny'-?>3¢, T. Nemoto*’, J. Newman?', V. Nikitin'?,
P. Nosal'!, P. Nosworthy?!, M. O’Connell'!, J. Oey*!, A. M. Ortiz-Ochoa*®, A. Ossola'!, D. Oszkiewicz', E. Pakstiene*?,
M. Pawlowski', V. Perig**, E. Petrescu?’, F. Pilcher®, E. Podlewska-Gaca', M. Pola¢ek'!, J. Poldk!!, T. Polakis**,
M. Poliriska', A. Popowicz*, V. Reddy*S, J.-J. Rives'?, M. Rottenborn®}, N. Ruocco!!*#7| A. Rutkowski?, K. Saci'!,
T. Santana-Ros*%°, K. Sarneczky*, O. Schreurs'!*3*, V. Sempronio'?, B. Skiff*°, J. Skrzypek!, D. Smith!!,

K. Sobkowiak', E. Sonbas®!32, S. Sposetti!!, C. Stewart!?, W. Stewart'!, T. Swift'?, M. Szkudlarek®®, K. Szyszka®*,
N. Takdcs*, E.. Tychoniec3®, M. Uno*%1, S. Urakawa*, K. Vida*, C. Weber!', N. Wiinsche!', H. Yamamura*°,

H. Yoshihara®, M. Zawilski!!, P. Zeleny>>!!, S. Zota’®, M. Zejmo?*, and K. Zukowski'

(Affiliations can be found after the references)

Received 11 March 2025 / Accepted 17 April 2025

ABSTRACT

Context. The sizes of many asteroids, especially slowly rotating, low-amplitude targets, remain poorly constrained due to selection
effects. These biases limit the availability of high-quality data, leaving size estimates reliant on spherical shape assumptions. Such
approximations introduce significant uncertainties propagating, for example, into density determinations or thermophysical and com-
positional studies, affecting our understanding of asteroid properties.

Aims. This work targets poorly studied main-belt asteroids, for most of which no shape models were previously available. Using
only high-quality, dense light curves, thermal infrared observations (systematically including WISE data), and stellar occultations, we
aimed to produce reliable shape models and scale them using two independent techniques, allowing for size comparison at the end. We
conducted two observing campaigns to achieve this: one to obtain dense photometric light curves and another to acquire multi-chord
stellar occultations by these objects.

Methods. Shape and spin models were reconstructed using light curve inversion techniques. Sizes were determined via two methods:
(1) advanced thermophysical modelling using the convex inversion thermophysical model (CITPM), which optimises spin and shape
models to light curve data in the visible range together with infrared data, and (2) scaling the shape models with stellar occultations.
Results. We obtained precise sizes and shape models for 15 asteroids. CITPM and occultation-derived sizes agree within 5% for most
cases, demonstrating the reliability of the modelling approach. Larger discrepancies are usually linked to incomplete occultation chord
coverage. The study also provides insights into surface properties, including albedo, surface roughness and thermal inertia.
Conclusions. The use of high-quality data, coupled with an advanced TPM that uses both thermal and visible data while allow-
ing the shape model to be adjusted according to both types of data, enabled us to determine sizes with precision comparable to
those derived from multichord stellar occultations. We resolved substantial inconsistencies in previous size determinations for target
asteroids, providing good input for future studies on asteroid densities and surface properties.

Key words. radiation mechanisms: thermal — techniques: photometric — minor planets, asteroids: general
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1. Introduction

Asteroids, large ones in particular, as remnants of the early Solar
System, play a crucial role in our understanding of its formation
processes (Morbidelli et al. 2009). Consequently, determining
their physical parameters such as size, density, or thermal iner-
tia is in high demand. Many areas of study are directly dependent
on these parameters. For example, asteroid surface properties are
linked to how the Sun heats them. This heating is correlated with
the orientation of the asteroid spin axis and the rotation period.
An asteroid with a very slow rotation or a low pole inclination
has part of its surface exposed for long durations (Delbo’ et al.
2015; Capek & Vokrouhlicky 2010). These differences in expo-
sure times directly influence how the surface evolves. Thermal
inertia also plays a crucial role and can provide insights into the
past of asteroids. Young asteroid surfaces tend to be composed
mainly of coarse regolith grains, which have higher thermal iner-
tia, while older surfaces consist of finer regolith, resulting in
lower thermal inertia (Delbo’ & Tanga 2009). However, recent
studies (Cambioni et al. 2021) have shown that some young,
rocky surfaces with high porosity may also exhibit low thermal
inertia despite having minimal regolith coverage. So the pres-
ence or lack of surface regolith inferred from thermal inertia is
not always a good indicator of age.

The size of an asteroid is a parameter that remains difficult
to determine without thermophysical modelling, stellar occul-
tations, radar observations, or adaptive optics. Since all these
techniques have their own limitations, for most asteroids this
parameter is poorly constrained. In many cases, the size is esti-
mated with an assumed geometric albedo (Harris & Harris 1997)
leading to errors and inconsistencies on size estimation reaching
sometimes 30% or more (Tanga et al. 2013, see also Table 1),
which can propagate to uncertainties on density estimation of
more than 90%. The reasons for such large errors can vary, but
they are often linked to the quality of the data used as well as the
methods employed. Without advanced observing techniques like
radar or adaptive optics, extracting precise diameter (and other
physical parameters) often relies on thermophysical modelling
(TPM, see Delbo’ et al. 2015 for the review). Such modelling
techniques require an input shape model, while the majority
of asteroids lack such models. Consequently, to extract these
parameters, the use of ellipsoidal shape models (Lu et al. 2013)
or spherical shape assumption becomes an undesirable neces-
sity, as in the most commonly used technique called near-earth
thermal model (NEATM, Harris 1998).

To obtain a representative shape model of an asteroid, sev-
eral methods exist. One can consider the relatively recent SAGE
(shaping asteroid using genetic evolution) modelling approach
by Bartczak & Dudziriski (2017), for example. However, the
most widely used technique is the light curve inversion technique
producing convex shape representations (Kaasalainen & Torppa
2001, Kaasalainen et al. 2001). Asteroid models generated from
this technique are stored in the DAMIT database (database of
asteroid models from inversion techniques, Durech et al. 2010)".
Although these models are mostly scale-free due to unknown
albedo (Kaasalainen & Durech 2020), they are still representa-
tive of the general shape of asteroids, making them necessary
inputs for thermophysical modelling (Delbo’ et al. 2015).

However, certain problems remain affecting the accuracy and
completeness of available models. It has been shown that there
are a few selection biases favouring targets with high light curve
amplitudes and fast rotators (Marciniak et al. 2015). With the

I https://astro.troja.mff.cuni.cz/projects/damit/
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increasing number of surveys, space missions, and ground-based
light curve observations, these biases are gradually diminish-
ing. Nevertheless, the available spin and shape models are often
based on sparse data (Durech et al. 2009), good for spin state
determination, but resulting in limited applicability of shape
models (Hanus et al. 2013). Moreover, popular thermophysical
modelling techniques (see ATPM from Rozitis & Green 2011 or
TPM from Lagerros 1996a,b, 1997, 1998) use the input shape
model as it is, without modification, merely optimising model
thermal flux. As a result, shape model errors propagate into the
final thermophysical parameters (MacLennan & Emery 2019).
Even when a shape model is available, it is possible to end up
with relatively large uncertainties in size as well as in thermal
inertia (Hanu$ et al. 2015). The solution to this problem is a
simultaneous shape optimisation to fit both visible light curves
and thermal data as proposed by the convex inversion thermo-
physical model (CITPM, Durech et al. 2017), the method used
here.

In parallel to that area of asteroid studies, advances in tech-
nology and observing techniques now allow us to observe stellar
occultations by asteroids with high precision (Rommel et al.
2020, Ferreira et al. 2022). With the developments in tech-
niques capable of annotating precise times obtained via GPS to
the images, it has become possible to obtain practically direct
measurements of asteroid sizes with great accuracy (Herald
et al. 2020), sometimes even sufficient to extract topological
information when shape features are large enough compared to
measurement uncertainties (see e.g. Dias-Oliveira et al. 2017,
Leiva et al. 2017, or Rommel et al. 2023). Although this type
of observation is much more feasible than radar or adaptive
optics observations, since it can be done with amateur equip-
ment, obtaining multiple chords (segments on asteroid projection
defined by star reappearance and disappearance) remains a com-
plex task. Indeed, there are three constraints for this type of
observation:

— Temporal constraint: although occultations are relatively
frequent events, those involving a particular target and a
sufficiently bright star, within the reach of most observers’
equipment, occur rarely.

— Geographical constraint: just like a solar eclipse is not
observable everywhere on the Earth’s surface, asteroid stel-
lar occultation shadow paths are very narrow, as the shadow
path width is comparable to the size of the object.

— Human resource constraint: to overcome the previous geo-
graphical constraint and to obtain usable observations, mul-
tiple observers are needed. Occultations resulting in only
one or two positive chords provide limited constraints on
size. Multichord (with at least three chords) stellar occul-
tation observations are therefore usually only the result of
coordinated observing campaigns.

Due to these constraints, the number of asteroids with available
multichord occultations remains relatively limited. However, it is
important to note that, thanks to significant collaborative efforts
and the participation of amateur astronomers, more and more
asteroids are being observed in occultations with such results
(Herald et al. 2020).

In this work, we use a methodology to consecutively combine
two modelling techniques (the light curve inversion, followed by
the CITPM) to obtain precise shape models and spin parameters,
with the main aim of determining the asteroid sizes. In parallel,
we also organised occultation observing campaigns to determine
target asteroid sizes through an independent method. In total, we
modelled and precisely scaled 15 main-belt asteroids. The tar-
gets we chose were relatively understudied until now, being slow
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Table 1. Target asteroid diameters from the literature.

Asteroid Duin Dmin Dinax Dinax D
(km) reference (km) reference (km)

(215) Oenone 3521 +04 [1] 43.69 + 4.370 [2] 41.82 = 0.10
(279) Thule 113.04 + 3.11 [3] 136.78 + 7.105 [4] 122.62 +2.05
(357) Ninina 92.54 + 3.015 [4] 124.11 + 0.86 [5] 113.77 + 0.61
(366) Vincentina 83.84 + 8.38 [2] 98.25 + 4.638 [4] 86.65 + 0.30
(373) Melusina 84.55 + 8.45 [2] 107.74 + 5.815 [4] 95.94 + 0.61
(395) Delia 44.19 + 0.45 [5] 61.49 + 0.7 [5] 50.16 + 0.34
(429) Lotis 54.2 + 4.56 [6] 89.69 + 38.25 [5] 69.79 + 0.68
(527) Euryanthe 48.55 + 13.62 [7] 58.56 + 0.62 [5] 53.99 + 0.27
(541) Deborah 49.04 + 17.985 [8] 65.60 + 3.801 [4] 55.42 +0.31
(672) Astarte 27.49 £ 2.75 [2] 35.58 £ 0.495 [9] 33.37 £ 0.33
(814) Tauris 98.77 + 33.9 [6] 122.26 + 1.819 [4] 111.9 = 0.97
(859) Bouzareah 65.21 +2.758 [4] 86.02 + 1 [5] 70.28 + 0.39
(907) Rhoda 62.73 + 1.7 [10] 98.01 + 32.58 [11] 80.91 + 0.30
(931) Whittemora  40.62 + 2.02 [5] 63.51 + 11.434 [4] 50.1 +£0.42
(1062) Ljuba 51.02 + 0.887 [9] 63.16 = 12.63 [2] 5491 +0.52

Notes. Data extracted from the MP3C database (https://mp3c.oca.eu/). Dy, and Dy, are the minimum and the maximum published value,
respectively, and D is the error-weighted mean diameter from all the literature values computed as follows: D = Z(%) / Z((#). The uncertainties

were evaluated with: o =

1/ Z((rlz) . References: [1] Masiero et al. (2014), [2] Ali-Lagoa et al. (2018), [3] Usui et al. (2011), [4] Ryan &

Woodward (2010), [5] Masiero et al. (’2012), [6] Nugent et al. (2016), [7] Masiero et al. (2020), [8] Masiero et al. (2017), [9] Masiero et al. (2011),

[10] Tedesco et al. (2002), [11] Masiero et al. (2021).

rotators with small light curve amplitudes (Marciniak et al.
2015). This procedure allowed us first to provide precise spin
parameters and detailed shapes for the target asteroids, and
second, to demonstrate that using only flux measurement tech-
niques, it is possible to obtain highly precise size values (by
‘size’ we mean the diameter of the equivalent volume sphere,
see Section 2). In the end, we compare diameters for the same
targets obtained with both methods to check their agreement
and identify trends and biases. The current paper is the con-
tinuation of our work presented in Marciniak et al. (2021) and
Marciniak et al. (2023), now combining the two approaches from
these works. Section 2 is dedicated to explaining the methodol-
ogy we employed and detailing the used techniques. Section 3
presents the asteroids we selected and the current state of knowl-
edge existing on them. Results are presented in Section 4, with
comparisons to a broad picture based on data from the literature.
Section 5 contains conclusions and prospects for future work.

2. Methodology

Modern methods of thermophysical modelling take an asteroid
shape model as an input and optimise physical parameters to
best fit thermal data. The results are therefore very dependent
on input shape models, and it is not uncommon to obtain the
results with a high value of reduced )(fR indicating an imper-
fect fit between the physical model and the data (Hanus et al.
2015, Hung et al. 2022). In this paper, we use a methodology
to obtain precise physical parameters of asteroids (such as spin
axis orientation, 3D shape approximation, size, albedo, and ther-
mal inertia) based on high-quality data in both the visible and
infrared ranges. We applied this methodology to characterise
around a dozen main-belt asteroids.

— First, we apply the convex inversion method which
allows us to construct three-dimensional shape models from
photometric light curves, as long as data from five independent

apparitions were gathered in the form of dense light curves.
The resulting asteroid models describe the shape and rotational
state of our targets. Since the studied asteroids are located in the
main belt, this technique often results in two possible solutions
for the spin axis orientation due to the mirror pole ambiguity
(Kaasalainen & Lamberg 2006). However, these shape mod-
els are scale-free, preventing the direct determination of object
physical dimensions. Complementary techniques are therefore
required to precisely derive asteroid sizes.

— The second step involves utilising these spin solutions as
a necessary input to the CITPM. This method combines convex
inversion with the thermophysical model (‘model’ refers here the
modelling method) in the approach of Lagerros, following the
equation:
X* = Xois + OR X X, (1
where wig is a parameter dedicated to weighing infrared data
(Kaasalainen 2011), X%is evaluates how well the model from the
CITPM method (‘model’ here and throughout the rest of this
text meaning the shape representation with accompanying set
of physical parameters) fits the visible data, and XIZR evaluates
the model fit to the thermal data. An important step to ensure
good results is to well estimate wig. A weight value that is too
small will result in models that overfit visible data, yielding a
low X%is but a high XIZR- On the other hand, a weight value that is
too high will cause models to overfit thermal data. Determining
analytically the best wir remains challenging due to the highly
non-linear nature of the CITPM. We investigated the influence
of w;r on the diameter and found it to be non-trivial. Models
react differently, with the diameter varying by a few percent
when starting near a good solution—and more so when start-
ing from a poor one. The main effect of w;g is on convergence.
Moreover focusing solely on diameter changes does not fully
assess model quality. Since CITPM also refines the shape, w;z
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Fig. 1. Ideal evolution of y2 and reduced x?% as a function of wir. Each
blue point corresponds to a different IR weight. This plot is constrained
by two asymptotes along the x-axis and the y-axis. These two asymp-
totes are used to determine a new origin (red point). The best wir value
corresponds to the point closest to the new origin.

influences also shape and spin axis orientation, of the order of
several percent too. However, a good wig can be obtained by fol-
lowing the procedure described by Kaasalainen & Viikinkoski
(2012) and shown in Figure 1. The idea is to run the CITPM
multiple times with different values of wig € [0.001,0.05] (blue
points) and to determine a vertical and a horizontal asymptote
defined by the logarithm of the minimum X%is and the logarithm
of the minimum X12R obtained. The intersection between these
two asymptotes defines a new origin. The best wir value is the
one which minimises the distance between this new origin and
the points P, (log(x2, ), log(xy)). However, plotting the loga-
rithm of XIZR vs the logarithm of X%is does not always produce
results as clean as the one shown in Figure 1. Some noise or
instabilities may be present. For this reason, the obtained wig
is not perfect but remains close. We also examined how the
amount of visible and infrared data affect wyg, but found no clear
trend. Data quality remains the primary source of wyg variability,
assuming their sufficient amount and diversity. This combined
approach adjusts the shape model to both types of data, provid-
ing significant advantages. Traditional TPM methods treat the
input shape model as absolute truth, which can pose problems
when the shape model is of poor resolution or, in extreme cases,
when no shape model exists and a simple spherical model is
used as input. However, the CITPM allows us to improve the
spin and shape models, scale them in size, and determine other
thermophysical parameters such as thermal inertia, hemispheri-
cal albedo — derived using Hapke parameters, which differs from
the geometric albedo that assumes a spherical shape for asteroids
— and an estimate of surface roughness. A few studies using the
TPM also took into account the uncertainties introduced by the
input shape (see e.g. Hanus§ et al. 2015), but they did not opti-
mise the shape model to both data types at the same time. The
CITPM optimise Hapke parameters (Hapke 1981, 1984, 1986) to
derive the hemispherical albedo of the model, providing a more
accurate approach, and simultaneously optimises parameters for
the facets (surface elements), allowing a precise determination
of global model parameters like the asteroid size, thermal inertia
I' and the surface roughness.

— Finally, the third step involves using stellar occultations to
scale the initial shape models obtained with convex inversion,
independently from the second step. To perform this, the occul-
tation chords are projected onto the fundamental plane (plane
perpendicular to the star-asteroid direction and goes through the
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Earth) following the procedure described in Durech et al. (2011),
using the equations:

§¢ = (—sindcosa, —sindsina, cosd),

§, = (sina, —cosa, 0), 2)
and

g) |8 (x + AvAt + %Ai)(At)z) 3
n) |8y - (x + AvAt + L Ab(Ar?)|

where §; and §, correspond to unit vectors on the fundamen-
tal plane, and @ and ¢ are the right ascension and declination
of the occulted star. Next, £ and n correspond to the geocentric
co-ordinates of an observer’s position projected on the funda-
mental plane, x is the observer’s position on the Earth in the
sidereal equatorial frame, Aw is the relative velocity of the Earth
and the asteroid, and A¢ corresponds to the time between the star
disappearance or reappearance and an arbitrary epoch. The side-
real equatorial frame is used here for two main reasons. The
first is that the geographic co-ordinate system (longitude, lati-
tude) does not account for the Earth’s orientation at the moment
of observation. The second is connected to the sidereal equa-
torial system definition: the z axis points towards the celestial
pole, the x axis points towards the vernal equinox, and the y axis
is chosen such that it forms a right-handed orthonormal refer-
ence frame. This co-ordinate system is expressed on the same
basis as the equatorial system, used for the co-ordinates of the
occulted star. This significantly simplifies calculations, as tran-
sitioning between the two systems does not require a change of
basis. The corresponding silhouettes of the shape model (for both
pole solutions) constructed during the first step are also projected
onto the fundamental plane. The centroid position and the size
of the asteroid silhouette are then optimised using both positive
and negative chords. At this stage, shape models are scaled based
on occultation observations, and the final size corresponds to the
diameter of a sphere with the same volume as the scaled shape
model. It is often possible to verify the obtained dimensions and
resolve ambiguities in pole solutions (see e.g. Marciniak et al.
2023).

After this stage we compare the results for diameters from
the second and third steps, providing cross-validation between
the two approaches. The diameters from thermophysical mod-
elling are defined for a sphere of the same surface area as our
shape model, so we recalculate them for a sphere of the same
volume as our model, and then thermally derived diameters can
be directly compared to diameters from occultation fitting. If the
sizes obtained by thermophysical modelling and by occultation
fitting are in agreement, we could reasonably assume that for any
target modelled following CITPM methodology, obtained size
values are accurate without requiring a double-check through
occultations.

3. Targets and data

The targets we selected are main-belt asteroids that have been
poorly studied before. The reason for this was the fact that these
targets are challenging to observe. They are all slow rotators
(P > 12 h) with low maximum light curve amplitude (below
0.3 mag). Available photometric data on these targets were
mostly sparse data from sky surveys, and not many dense light
curves that we needed were available. Even in cases where
the Nyquist-Shannon theorem was satisfied (Shannon 1949),
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there were often too few data points to cover a complete light
curve. Furthermore, the photometric quality of sparse data from
ground-based surveys is not always sufficient, with photometric
scatter being of an order of 0.1 mag at best (Hanus et al. 2011).
On the other hand, the low-scatter data from the Gaia mission is
not abundant enough to enable unique spin and shape models of
our targets.

Also, to obtain the size values as precisely as possible, our
input data must be abundant and of high quality. To achieve
these objectives, we used only dense light curves with low pho-
tometric scatter from a large photometric campaign described in
Marciniak et al. (2015). Thanks to the wide collaboration and a
long-time campaign, we managed to cover enough apparitions
for all our targets to obtain unique spin and shape models using
the convex inversion method. Also, for each light curve, we care-
fully eliminated any problematic data points (e.g., star passages,
outlying points, too noisy fragments, etc.).

Regarding infrared data, it is important to note that the
transition between reflected light and thermal emission is con-
tinuous, and the transition phase where the flux is a mix of
both, for main-belt asteroids, is usually located around 3-5 um
(Harris & Lagerros 2002). Therefore, our thermal dataset does
not include any points observed at wavelengths shorter than 9
pm. Moreover, intending to obtain the most accurate parame-
ters possible, we focused on targets that were observed by WISE
spacecraft in W3 (11.1 pum) and W4 (22.64 um) bands (Wright
et al. 2010, Mainzer et al. 2011), taking care of rejecting all
of the partially saturated points. We also included thermal data
from IRAS (Neugebauer et al. 1984) and AKARI missions (Usui
et al. 2011), provided that WISE data were available. All thermal
data have been downloaded from the infrared database (IRDB,
Szakdts et al. 2020). According to IRDB documentation, for
most instruments and filters, the colour correction was derived
from the relative response profiles of the specific filters while
assuming an estimated effective temperature for the target, cal-
culated as described in Lang (1999). The number of visible light
curves and IR data points is presented in Table 2. Since the
determination of Hapke model parameters in CITPM requires
calibrated data in the visible range, we added the V-band data
from USNO (US naval observatory) archive® in this step.

For occultation observations, in October 2020 we initiated
another observing campaign as outlined in Marciniak et al.
(2023). Information regarding both the photometric and occulta-
tion observing campaigns can be found here. The ultimate goal
was to achieve sufficiently well-covered occultation events to
accurately determine the sizes of our targets using an indepen-
dent approach. For earlier events, we utilised archival data from
the asteroid occultations v4.0 archive of the NASA planetary
data system (Herald et al. 2024), and from the software ‘Occult
v4.2024°4,

Since our research focused on poorly studied targets, for
the majority of them, neither spin solutions nor shape models
existed. Only for five of them, spin and shape models derived
from sparse data were available in the DAMIT database. In addi-
tion, for (279) Thule, a spin solution was listed in the LCDB’
(Pilcher 2014), although no shape model was provided. The spin
axis solutions for (279) Thule were determined there using an
approximative method based on the amplitudes of light curves.
Information on all prior spin/shape models is gathered in Table 3.

https://ird.konkoly.hu/
https://newton.spacedys.com/astdys2/index.php?pc=3.0
http://lunar-occultations.com/iota/occult4.htm

Light curve database (Warner et al. 2009), https://minplanobs.
org/mpinfo/php/lcdb.php

2
3
4
5

Table 2. Data summary.

Target Taxon. Nic Ngp Nr Nwise Noce (Npos)
(215) Oenone S 78 8 53 22 1(2)
(279) Thule X 107 13 33 15 3(5,2,4)
(357) Ninina cX 8 7 38 10 4(7,2,4,7)
(366) Vincentina ~ Ch 69 9 67 21 3(6,6,2)
(373) Melusina C 31 6 40 11 1(2)
(395) Delia Ch 68 7 20 11 3(3,2,2)
(429) Lotis C 79 8 41 11 1(2)
(527) Euryanthe Cb 90 6 35 19 2(6,5)
(541) Deborah B 4 6 48 30 3(2,4,6)
(672) Astarte S 62 8 24 16 1(4)
(814) Tauris C 101 11 19 8 1(5)
(859) Bouzareah X 49 7 39 12 3(2,3,4)
(907) Rhoda Xk 92 9 46 22 1(2)
(931) Whittemora M 60 9 49 24 3(3,2,2)
(1062) Ljuba C 132 9 27 14 2(2,2)

Notes. ‘Taxon.” refers to the taxonomic type. Ny, is the number of dense
light curves for each target registered at Ny, apparitions, Ny is the
number of all infrared data points, and Nwisg is the number of data
points obtained by WISE spacecraft. N, represents the number of stel-
lar occultation events, with the number of positive chords for each event
shown in parentheses. Taxonomic types come from Tholen (1984), Bus
& Binzel (2002) and from Veres et al. (2015).

Table 3. Prior spin/shape solutions available for our targets.

Target A B Period  Reference
©) ©) (hours)

(215) Oenone  227+4 665  27.9081 [1]
(279) Thule 70 £ 8 0 15.94 [2]
250+ 8 0 15.94 [2]
(357) Ninina 49+10 010 35.984 [3]
230+10 3610 35984 [3]
(373) Melusina  19+5 —-48+5 12.98629 [4]
1475 -61+5 12.98632 [4]
(395) Delia 1I5+£3 -50+4 19.6802 [1]
196 +4 -53+4 19.6803 [1]
(672) Astarte - 59+18  22.5799 [1]

Notes. Ecliptic J2000 co-ordinates A and 8 correspond to the spin axis
orientation in space. References: [1] Durech et al. (2020), [2] Pilcher
(2014), [3] Franco et al. (2024), [4] Durech et al. (2018).

4. Results
4.1. Finding the best model in CITPM

As described in Section 2, the first step involves obtaining the
shape models and spin solutions of each of our targets. This step
is crucial for accurately determining the solutions for the spin
axis and the sideral rotation period, where a sub-second preci-
sion is required to achieve reliable results with the CITPM. Also,
a good shape model is important to determine the size via stellar
occultation fitting (see Sections 4.2, 4.3, and Table 5).

To constrain the thermophysical parameters of the models
derived in the first step, it is essential to determine the weight
of the infrared data in the first place. Following the procedure
described in Section 2 and illustrated in Figure 1, our approach
involves running CITPM multiple times for one of the two spin

A298, page 5 of 26


https://zenodo.org/records/15274451
https://ird.konkoly.hu/
https://newton.spacedys.com/astdys2/index.php?pc=3.0
http://lunar-occultations.com/iota/occult4.htm
https://minplanobs.org/mpinfo/php/lcdb.php
https://minplanobs.org/mpinfo/php/lcdb.php

Choukroun, A., et al.: A&A, 698, A298 (2025)

Thermal Inertia vs. Crater Coverage vs. Crater Aperture

Crater aperture

Fig. 2. Crater coverage p. against crater aperture . against thermal
inertia T in Tm=2s2 K~! of the best solutions for asteroid (814) Tau-
ris. All blue points correspond to acceptable solutions according to
Equation (4). The red points represent the 10 best solutions among all
acceptable ones. All points are grouped, except for the red point with
I' > 140, which is isolated. This point was not used to determine final
parameter uncertainties.

solutions while certain parameters remain unchanged, such as
thermal inertia and surface roughness. The only parameter that
varies between each run is the infrared data weight. These suc-
cessive runs allow us to plot the curve like the one shown in
Figure 1, thereby identifying the weight that provides the best
balance between thermal and visible data.

The next step involves running the code multiple times (in
a loop as an iterative way) for a given thermal inertia value
while varying the surface roughness parameters: the crater aper-
ture that is changed from 10(°) to 90(°) with a step of 10(°), and
crater coverage, changed from 0.1 to 1 with a step of 0.1. These
parameters correspond to the hemispherical crater opening angle
and the extent to which the surface of the target is covered by
craters, and they are not optimised during the run and remain
fixed. This process is repeated for a range of thermal inertia val-
ues. Although this step is computationally intensive, it is critical
because it ensures a good representation of the model within the
parameter space. A solution is considered acceptable if:

X%is < min()(sig) -1.1
‘ ‘ “)
2
,\/IZR <1+ \/;,

where v is the number of thermal measurements minus the num-
ber of degrees of freedom. The number of degrees of freedom is
set to four (size, thermal inertia and two parameters for surface
roughness). The parameters of the best of all acceptable solu-
tions from the loop over surface roughness are used as input for
a final CITPM run. The other acceptable solutions are used to
determine uncertainty ranges. To not overestimate uncertainties,
we also produce a 3D plot of crater coverage vs crater apertures
vs thermal inertia of all acceptable solutions. If an isolated point
is found out of the general cluster, this solution is not taken into
account to calculate uncertainties (see Figure 2).
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All the results obtained with this procedure are presented in
Table 4, where each target entry is split into two lines corre-
sponding to the solutions for each pole. Columns 2 to 5 describe
the spin axis parameters, as these are also optimised by the
CITPM. The last four columns provide the diameter of the
sphere with equivalent volume, geometric albedo derived from
Hapke parameters following equation 65 of Hapke (1984), ther-

mal inertia in SI units (Jm™2 s72 K™, and the mean surface
slope according to Hapke (1984), Lagerros (1996a). To achieve
these results, we automatised a large part of the procedure. As
shown in Table 4, some parameters are well constrained, such as
spin parameters, diameter, and albedo. However, surface rough-
ness and thermal inertia are not always well constrained because
of the entanglement existing between them (see Figures B.1 to
B.15). Although, for some of our targets, everything proceeded
smoothly without setbacks, for others, direct decisions had to be
made to ensure that the obtained results were robust. The reasons
for this can be multiple and varied: insufficient data, insuffi-
cient diversity in the observation geometry, convex assumption
of the model, inadequate spectral diversity in the thermal data,
etc. The CITPM remains a multivariable optimisation model that
is highly sensitive to the input data. The number of local minima
can, therefore be large.

Model fits to data in the visible range are shown in
Figures C.1-C.10. We present only a small part of the whole
light curve dataset here, and only for targets where data from
Kepler or TESS spacecraft were available. The fit to all of the
light curve data can be found in the DAMIT database. Only
the uninterrupted observations from space show substantial cov-
erage of rotation phases for our slow rotators. Model fits to
thermal data, on the other hand, are shown in Figures D.1 to
D.21. These plots present fits to data from WISE spacecraft
because only these observations were rich enough to reveal
thermal light curves. Both kinds of fit are presented for the
pole solution preferred by occultations, or pole 1 in case of no
preference.

With thermophysical modelling, the most common issue we
encountered was the difficulty in determining a suitable value
for wig. Sometimes, the procedure described in Section 2 did
not yield a plot as clear as the one shown in Figure 1; instead,
some plots of both y? values tended to be chaotic, showing no
discernible trend. In such cases, our approach was to produce
two additional plots. As previously explained, these plots were
generated by running the CITPM code multiple times, with the
only difference between runs being the wig weight value. This
means that other parameters remained the same for each run of
a given target. We also used the same parameters across differ-
ent targets (except for 4, 5, and the period, which are specific to
each target), to facilitate direct comparability of the results. Orig-
inally, we used crater opening angle y, of 50° and crater coverage
pc of 0.5, as the parameters of the surface roughness. However,
due to the difficulties we faced, we modified the procedure to
produce three plots for different surface crater combinations:
ve = 20,p. = 0.2; y. = 50,p. = 0.5; and y, = 80,p. = 0.8.
This updated method had two advantages. First, comparing each
of these plots helped us identify a wr weight value that better
reflected the surface roughness. Second, in situations where the
plots appeared chaotic, it was often the case that at least one of
them contained a less chaotic region that allowed us to estimate
wir. Although we could not be certain this value was optimal, it
provided a sufficiently reliable approximation for wig. The tar-
gets affected by this issue were: (373) Melusina, (814) Tauris,
(859) Bouzareah, and (1062) Ljuba.
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Table 4. Results obtained through modelling with the Convex Inversion Thermophysical Model.

Target name Pole A B Period D pv r 0

1
©) ©) (h) (km) Im?s2K™) ()
(215) Oenone 1 45t 8573 27.90773+0.00005 3743 0.227709% 63+5 68
2 23344 85 27.90774 +£0.00006 3773 0.22+901 62758 42
(279) Thule 1 5824 2% 23.8964 £0.0003 1167  0.039*300° 76742 68
2 2361 3% 23.8963 £0.0004 11773  0.038*0%07 69784 68
(357) Ninina 1 ag Ty 35.9845+0.0005  104'3  0.0870 0 40308 59
2 224%]  42*P 359845+0.0004  101%)2  0.08*00 61 34
(366) Vincentina 1 5177 197 17.3484+0.0002 87+, 0.081*)0 487131 25
2 23477 -0 17.3484+0.0003 873 0.080*)0% 4170 24
(373)Melusina 1 2073*  —68") 12.986274 £0.00003  99*}*  0.040*300 13487 19
2 1327 -54%7 12986283 £0.00002 101%],  0.0387000 575 13
(395) Delia 1 5724 —49%. 19.68097 +0.00005 527 0.039709%7 26*94 45
2 2075 -5673, 19.68103£0.00008  53*1l  0.038*00% 3974 59
(429) Lotis 11337 -167, 13.58081+£0.00002 677,  0.0367095, 18343 21
2 3127 5% 1358081 £0.00003 685 0.0367000 128+372 21
(527) Euryanthe 1 147%]  -59%)'  42.8379+£0.0004  53%)  0.039*)003 3158 3
2 284" 587 428378+0.0002 5177 0.039+000 3158 28
(541) Deborah 1 155%% 637, 29.4223 +0.0001 57+, 0.0488* 0000 2+60 38
2 3107 63'1°  29.42242510.0002 5477 0.043*)00 2438 17
(672) Astarte 1 184*% 657 2257993 +0.00004 307 0.047%0%, 4746 55
2 307%; 657, 22.57990+£0.00005 317 0.048*0003 37+363 59
(814) Tauris 1 16972 -43710  36.0581+0.0001  101*%  0.043*0011 475 38
2 298720 —84*  36.05858£0.0002  110%}  0.0407000 2448 10
(859) Bouzareah 1 29733 -45720 249287 +£0.0003 687  0.0417050° 6748 38
220073 327 24.9286+£0.0002 6773 0.041*30) 6718 32
(907) Rhoda 1944, 305 22.4511+0.0001 714 0.045700% g3+ 16
2279 -7 2245117+£0.00007 727 0.038*)012 41396 13
(931) Whittemora 1 32*,  46%)%  19.17588 £0.00006 5073 0.13759) 86 45" 45
2 2207 7075 19.17589 £0.00006 5172 0.12+9 407150 21
(1062) Ljuba 11227, —13*7] 337907 +0.0006 5073 0.07709% 29+220 42
2 30573 -20%3 33790900005 5173 0.0637001 297220 55

Notes. The columns present parameters derived from the CITPM for the pole 1 and pole 2 solutions of each target: J2000 ecliptic pole longitude (1)
and latitude (8), sidereal rotation period, diameter (D), geometric albedo py, thermal inertia ('), and Hapke’s mean surface slope (6). The diameter
corresponds to the diameter of a sphere with a volume equivalent to that of the model. Pole solutions preferred by occultations are marked with

boldface.

4.2. Size determination via occultation fitting

CITPM is one way to determine asteroid sizes. In parallel to
this, we also determined their sizes using stellar occultations.
Table 5 presents the results of scaling the models from light
curve inversion with the chords from stellar occultations. The
asteroid models we used here were based on dense light curves
in the visible range only (first step, see Section 2). As such,
their shapes are less smooth (we found that adding thermal data
tends to smooth the shape models out), however, they had poorly

constrained stretch along the spin axis in some cases. The ‘D
RMS’ in Table 5 are formal diameter uncertainties from the
occultation fitting. On the other hand, the ‘+/-’ diameter uncer-
tainties in the preceding column also take model uncertainties
into account if these were larger than the formal uncertainties.
To determine the influence of the shape model uncertainty on
diameter, we created ten versions of each shape model using var-
ious levels of shape regularisation. Such a procedure, described
in more detail in Marciniak et al. (2023), resulted in spin and
shape models similarly well-fitting light curves but with different
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Table 5. Occultation derived diameters.

Target Spin solution D D RMS
(km) (km)
(215) Oenone 1 46 + 1 1
2 48 £ 1 1
(279) Thule 1 115 + 12 12
2 119 + 13 13
(357) Ninina 1 97*% 6
2 113 £ 11 11
(366) Vincentina 1 92 +6 5
2 87 fé“ 6
(373) Melusina 1 99 +8 8
2 103”_"3S 3
(395) Delia 1 56 +3 3
2 55+3 3
(429) Lotis 1 58+9 9
2 621 1
(527) Euryanthe 1 53+6 6
2 52+2 2
(541) Deborah 1 605 5
2 57 +2 2
(672) Astarte 1 285+ 1.3 1.3
2 323+ 1.0 0.9
(814) Tauris 1 112 +£9 9
2 113+ 9 9
(859) Bouzareah 1 66 +6 6
2 67 +6 6
(907) Rhoda 1 63 +£2 2
2 63+1 1
(931) Whittemora 1 49«5 5
2 54 +2 2
(1062) Ljuba 1 41 £ 4 4
2 44 + 4 4

Notes. For each target and pole solution presented in Table 4, the diam-
eter of the equivalent volume sphere is given, together with its best
estimate of uncertainty, influenced by the uncertainty of both occul-
tation timings and the shape model itself. The last column contains
the formal RMS uncertainty of the occultation fit only (see text in
Section 4.2 for details). Solutions preferred by occultations are marked
with boldface.

levels of stretch along the rotation axis (‘flatter’ and ‘rounder’
shapes), since that shape dimension is usually worse determined
by light curve inversion. Each version of the shape was then fitted
to all available occultations with at least two well-spaced chords,
resulting in a range of plausible diameters. Some variations in
the shape misfitted the occultations by more than three sigma,
and in such a case, their diameters were not taken into account to
assess the diameter range. On the other hand, some regularised
shapes provided a better fit than the original shape model did,
and then they replaced it. Figures E.l to E.13 present the best-
fitting shapes in this respect, and Table 5 contains diameters for
such improved models.

The plots shown in Figures E.l to E.13 present the instan-
taneous silhouettes of the light curve inversion models on the
fundamental plane, with the scale expressed in kilometres. Blue
and magenta contours pertain to mirror solutions for pole 1 and
pole 2, respectively, unless stated otherwise, see Table 4 for the
spin axis parameters. To be more precise, the original 4 and
B from pure light curve inversion (our step one) were a few
degrees different than those from CITPM presented in Table 4
(our step two), as the other method optimises the spin axis ori-
entation as well. However, the values for the pole solution from
both methods were close enough to each other (within the error
bars) that we decided not to present those from step one here to
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avoid confusion. Both versions of the shape models with their
spin parameters are available in the DAMIT database. When
occultation fits do not show a clear preference for one model
versus the other, both models are shown as solid contours. Oth-
erwise, the preferred model is shown with a solid contour, while
the less preferred one is shown with a dashed contour.

4.3. Detailed description of specific targets

Below, we describe the results for a few particular targets in more
detail.

4.31. (279) Thule

None of the two solutions for spin and shape fit the occultations
perfectly, particularly the event from 2008/04/03 (see Fig. E.2).
There were five chords in this event, but one of them could
have been registered with a gross timing error, so we decided
to exclude it. Sato et al. (2015) interpreted that chord as pro-
duced by a nearby, large satellite, but we did not find any other
signatures from additional large objects around Thule, neither
in other occultation events nor in thermophysical analysis. Ther-
mal flux from two bodies would lead to overestimated size when
treated as a single object, inconsistent with a single body of the
size determined by occultations. On the contrary, we find a good
agreement of sizes determined with both methods (see the values
for D in Table 4 and Table 5), thus excluding the large satellite
hypothesis. The two shortest chords from that occultation out-
line the very edges of the real body, but such small details of real
shapes are problematic to be reproduced by light curve inversion
or sometimes tend to be shifted over the surface of the shape
model. Taking this into account, the first pole (blue contour) is
slightly preferred.

4.3.2. (366) Vincentina

Solution for pole 2 seems slightly preferred by occultations, and
as such is marked in blue in Fig. E.4. Although two multichord
events are available, they do not constrain the size for model 1
well. Due to the lack of chords in the northernmost part of that
model silhouette, longer shapes, up to 100 km are almost equally
possible as the best fitting one, with its 87 km.

4.3.3. (373) Melusina

In spite of only two-chord event available for this asteroid, the
lengths and positions of these chords relative to each other
enabled us to identify a preferred solution (pole 2, marked with
the solid contour in Fig. E.6). Here, only the procedure of testing
shapes with various regularisations enabled us to find a good-
fitting shape. On the other hand, each version of the shape for
pole 1 fitted worse than the one shown with the dashed contour.

4.3.4. (395) Delia

Here, similarly to the case of 279 Thule, we had to exclude one
occultation observation (from the event on 2006/08/27), to be
able to fit any shape model to it. Interestingly, this time that
observation was negative. That negative chord was placed 8 km
south of the southernmost positive chord, 50.5 km long, shown
in the first panel of Fig. E.5. It was too close not to be inter-
sected by each of the tested model contours. We investigated that
observation closely and found that it was a visual observation
of an event with a very bright, 6-magnitude star, where another
observer reported ingress and egress of a certain duration. These
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facts probably point to effects complicating the observations, like
for instance non-negligible angular extent of an occulted star.

4.3.5. (429) Lotis

Although for Lotis, there was only a two-chord event available,
the size is quite secure: it cannot be much larger or smaller than
60 km due to the long chord and its placement against the short
chord (see Fig. E.6). The shape solution connected to pole 2
(marked here in blue) is slightly preferred, but still, it probably
has an underestimated uncertainty (Table 5).

4.3.6. 814 Tauris

The only multichord occultation for Tauris has been registered in
our ‘SlowRotators’ campaign and both shape solutions fit it well
(Fig. E.11). Interestingly, a few years earlier, there was another
event with Tauris (George et al. 2019), where a single station reg-
istered a double dip in brightness, which might have been caused
by distinct topographic features on the surface of an asteroid. A
chord from this event, treated as a single-dip one, would fit the
edge of our shape model 1 of Tauris, confirming this hypothesis.
However, the light curve inversion method used here for shape
reconstruction produces only convex shape models, so we can-
not confirm this nonconvex topography. The contact binary or
double asteroid hypotheses also made by George et al. (2019)
are rather improbable, because our shape model of Tauris would
have a brick-like or a cone-like appearance if that was the case
(see the DAMIT database for a full view of the model).

4.3.7. (907) Rhoda

The fit to the two-chord event does not give reliable size deter-
mination in this case. Both chords could as well intersect the
northern hemisphere, leading to a larger size determination (see
Fig. E.11). That probably explains the inconsistency between the
occultation (63 + 2 km) and the CITPM (74f§ km) diameters
that we obtained. Values from the latter method are more robust
in this case.

4.3.8. (1062) Ljuba

The size and RMS from occultation fitting are not robust here
(see Fig. E.13). Shape model uncertainties are larger than the
timing uncertainties, and the fit is accidentally forced to chords
with perfect timings, but the size can also be 10% larger than the
adopted 44 km. Here too the size from CITPM (5 lt‘zl km) is more
reliable. Curiously, despite such a relatively poorly constrained
size, a preferred pole solution (pole 2) is found: only this shape
shows the abrupt narrowing in the southern part, necessary to
explain the observed occultation durations (though imperfectly).

Models for the remaining asteroids (357) Ninina, (527)
Euryanthe, (541) Deborah and (931) Whittemora provided very
good fit to occultations and showed a clear preference for one
of two mirror pole solutions (see the Figures: E.3, E.7, E.§ and
E.12). On the other hand, both mirror-pole models for (215)
Oenone (Fig. E.1), (672) Astarte (Fig. E.9) and (859) Bouzareah
(Fig. E.10) fitted similarly.

4.4. Size comparison

When comparing the size values determined through modelling
with the CITPM method and those determined through detailed
shape model fitting to occultations (see Figure 3), we observe

CITPM diameter vs occultation diameter
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Fig. 3. Comparison between thermally derived asteroid diameters and
occultation-based diameters, both determined in this work (Tables 4 and
5). The horizontal axis corresponds to the CITPM-derived size, while
the vertical axis is the occultation-derived size. The dashed green line
is for y = x. Blue points are for the pole 1 solution, while brown points
are for the pole 2 solution. Relative residuals are computed as follows:
100 x (DCITPM - Docc)/Docc-

that the two methods yield consistent results. This demonstrates
that, although CITPM determines size through thermophysical
modelling and occultations do so through direct observation if
the input data are of high quality, the CITPM provides as accu-
rate results as multichord occultations. Targets which lay a little
bit farther from the agreement line in Figure 3 can find an expla-
nation in insufficient chord number or their poor placement,
leading to the conclusion that CITPM size should be considered
as more reliable in these cases (see Section 4.3).

In this work, we also compiled results for asteroid sizes from
the literature, and present them in Table A.1. We focused on size
values determined either through thermophysical modelling or
via occultations. In some cases, particularly for occultations, a
single value was reported in the literature, corresponding to the
best-fit solution. These values are directly included in Table A.1.
In other cases, both for occultations and for size values derived
from TPM, the authors provided averaged size estimates. These
values are also included as they were in Table A.l. For cases
where the authors presented multiple values for diameters (often
corresponding to mirror pole solutions), we averaged the results
to ensure consistency with the rest of the dataset and to avoid
having multiple entries for a single target. When occultation
data did not allow us to resolve the mirror pole ambiguity, we
also averaged our results between pole 1 and pole 2 to facili-
tate comparison with the values reported in the literature. The
results are shown in Figure 5. The black points represent the val-
ues obtained in this work, while the grey points correspond to
values from the literature. This plot demonstrates that our values
are consistent with those published by other teams. Furthermore,
when examining the residuals plot, it can be seen that our resid-
uals are, on average, smaller than those based on the literature
values.

Figure 4 shows MP3C error-weighted average values for
diameters (available in Table 1) compared to CITPM values.
CITPM values are also error-weighted averages between pole 1
and pole 2 in cases where no pole solution is preferred. Values in
the last column of Table 1 correspond to the error-weighted mean
diameters obtained by averaging results from multiple tech-
niques listed in the MP3C database, whereas CITPM values are
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Error-weighted average diameter from MP3C vs CITPM diameter
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Fig. 4. Comparison between the error-weighted average of thermally
derived asteroid diameters from the MP3C database and CITPM diam-
eters derived in this work (Tables 1 and 4). The horizontal axis
corresponds to the CITPM-derived size, while the vertical axis repre-
sents the average diameter from values listed in MP3C database. The
dashed green line indicates y = x. If a certain pole solution is preferred,
this solution is directly used for the CITPM value. If no solution is pre-
ferred, we apply the same error-weighted average that we applied to
MP3C values (see Table 1).
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pole-averaged values from this work. Relative residuals are computed
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derived using a single, consistent modelling approach. Interest-
ingly, when comparing the values from Table 1 and Table 4 with
those in Table 5, CITPM estimates are generally slightly closer
to those derived from occultations and provide a more accurate
estimation of the associated uncertainties, despite relying on a
single methodology.

4.5. Thermal inertia versus period

In this work, we primarily focused on the precise determina-
tion of asteroid sizes. However, since thermal inertia and rotation
period are two other parameters simultaneously optimised in the
CITPM, our results provide a good opportunity to compare these
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Fig. 6. Thermal inertia normalised to 1 AU (in Jm~> s72 K™, vertical
axis) vs. rotation period (in hours, horizontal axis). Values for the mirror
pole solutions have been averaged. No trend can be seen.

two parameters and assess a potential correlation, as suggested
by Harris & Drube (2016). The result can be seen in Figure 6,
where the x axis is the rotation period and the y axis represents
the thermal inertia normalised to 1 AU following this equation
(Mueller et al. 2010):

3

R 2

Thorm =T = (m) s )
Rtarget

where I' and ' are, respectively, the thermal inertia and the
normalised thermal inertia, Ryorm and Ryyger being, respectively,
the distance from the Sun at which the thermal inertia is nor-
malised and an average distance between the target and the Sun
during infrared observations.

In Figure 5 of Harris & Drube (2016), an increasing trend of
greater thermal inertia for longer rotation periods is seen for peri-
ods above 10 hours. Our results cover a range of periods between
10 and 40 hours, which should be sufficient to observe this cor-
relation. However, Figure 6 shows no such correlation, aligning
with the conclusions drawn by other studies (Marciniak et al.
2019, 2021 and Hanus et al. 2018).

5. Conclusions and future work

In this study, we combined two modelling techniques to deter-
mine the shapes and sizes of 15 main-belt asteroids: the light
curve Inversion followed by CITPM. In parallel, we scaled their
shape models using stellar occultation observations. Through
two extensive observing campaigns, requiring significant human
and observational resources, we obtained a substantial amount
of dense light curves and occultation data (see the information in
Zenodo repository described in Section 6). Using thermal data,
systematically including observations from WISE spacecraft,
coupled with an innovative thermophysical modelling approach
(CITPM), allowed us to accurately determine asteroid sizes. Fur-
thermore, the results show a good agreement with those obtained
from stellar occultation fitting, confirming the robustness of the
methodology. Discrepancies were generally around 5%, and in
cases of greater differences, they were often due to the insuf-
ficient number of positive occultations or poor distribution of
chords, making the CITPM model-derived values more reliable.
Despite these significant advances, some challenges remain. For
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example the dependence on convex approximation for the shape
models may affect the ability to decouple thermal inertia from
mﬁwm%M%Mﬁ%ddMQMiﬁmmaMQMH

Albedo values found here lay within a range for the target
taxonomic types defined in the literature. However, contrary to
studies suggesting a correlation between rotation period and ther-
mal inertia (Harris & Drube 2016), our results did not find any
significant trend, aligning with conclusions from other recent
investigations.

The results of this study resolve substantial inconsistencies
in size determinations for some large and medium-sized aster-
oids. These are essential for refining models of the evolution
of the solar system, particularly concerning asteroid internal
structure, composition and collisional processes, which require
precise knowledge of the density, so a well-determined mass
and even better-determined diameter (Carry 2012, Hanus et al.
2017). Future advancements, including thermal data from space
missions such as JWST or NEO Surveyor, could enable the deter-
mination of more precise thermophysical parameters for a larger
number of asteroids. Finally, strengthening multi-chord obser-
vation campaigns for stellar occultations, supported by interna-
tional collaborations, remains a primary objective to improve
asteroid size determinations. In future work, reliable sizes from
multichord stellar occultations could be used as a fixed parameter
in (CI)TPM, better constraining the thermal inertia and surface
roughness (Miiller et al. 2018).

Data availability

Details of the observing campaigns: https://zenodo.org/
records/15274451
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Appendix A: Published TPM and Occultation values

Table A.1: Diameters from the literature obtained through TPM and those determined with the use of stellar occultations.

Target Dipm referencestpy Doce references,.
(2) Pallas 536.0+5.0 Ali-Lagoa et al. (2020) 513.0+£6.0 Marsset et al. (2020)
(3) Juno 254.0+4.0 Ali-Lagoa et al. (2020) 241.5+12.7 Herald et al. (2020)
(5) Astraea 103.8738 Hung et al. (2022) 113.0+1.0 Herald et al. (2020)
(6) Hebe 198.0:"2‘18 Marsset et al. (2017) 193.0 £ 6.0 Marsset et al. (2017)
(8) Flora 142.0+£2.0 Ali-Lagoa et al. (2020) 147.0+4.7 Herald et al. (2020)
(10) Hygeia 441.0+6.0 Ali-Lagoa et al. (2020) 423.0+2.0 Herald et al. (2020)
(14) Irene 133.45:’8:8 Hung et al. (2022) 145.5 + 12.0 | Podlewska-Gaca et al. (2020)
(16) Psyche 242.5+25.0 Matter et al. (2013) 224.0+5.0 Ferrais et al. (2020)
(17) Thetis 72.6%8 Hung et al. (2022) 735+4.5 Herald et al. (2020)
(18) Melpomene 135.0+3.0 Ali-Lagoa et al. (2020) 1384+ 6.3 Herald et al. (2020)
(19) Fortuna 219.0+3.0 Ali-Lagoa et al. (2020) 206.3 +£3.6 Herald et al. (2020)
(20) Massalia 147.0+2.0 Ali-Lagoa et al. (2020) 1 10.0’:2:; Podlewska-Gaca et al. (2020)
(21) Lutetia 95.76 +4.0 Ali-Lagoa et al. (2020) 103.7 £3.7 Herald et al. (2020)
(22) Kalliope 167.0 £ 17.0 Delbo’ et al. (2015) 153.0+£3.0 Ferrais et al. (2022)
(27) Euterpe 95 .6’:(7):2 Hung et al. (2022) 108.5 +£0.5 Herald et al. (2020)
(29) Amphitrite 202.0+ 3.0 Ali-Lagoa et al. (2020) 201.0 +3.8 Herald et al. (2020)
(41) Daphne 189.0+ 1.0 Delbo’ et al. (2015) 187.0 +£21.5 Carry et al. (2019)
(43) Ariadne 59.9+20 Hung et al. (2022) 61.7+4.4 Herald et al. (2020)
(45) Eugenia 198.0 12260.0 Delbo’ et al. (2015) 186.5 £3.2 Herald et al. (2020)
(52) Europa 317.0+4.0 Ali-Lagoa et al. (2020) 3144 +75 Herald et al. (2020)
(54) Alexandra 153.0+£2.0 Ali-Lagoa et al. (2020) 1405+ 1.5 Herald et al. (2020)
(56) Melete 104.751’3:2 Hung et al. (2022) 113.4£4.0 Herald et al. (2020)
(63) Ausonia 946 +24 Jiang et al. (2020) 90.0 = 18.0 Durech et al. (2011)
(64) Angelina 46.057%1 Hung et al. (2022) 49.8+29 Podlewska-Gaca et al. (2020)
(68) Leto 1027734 Hung et al. (2022) 142.4+139, | Podlewska-Gaca et al. (2020)
(71) Niobe 72.9*2 Hung et al. (2022) 83.5+0.5 Herald et al. (2020)
(76) Freia 151.4*53 Hung et al. (2022) 172.3 £ 10.1 Herald et al. (2020)
(80) Sappho 66.7’:3363 Hung et al. (2022) 68.7+5.7 Herald et al. (2020)
(85) Io 145.2ﬂ:§ Hung et al. (2022) 1652 +4.8 Herald et al. (2020)
(87) Sylvia 300.0 +30.0 Delbo’ et al. (2015) 274.0+£5.0 Carry et al. (2021)
(88) Thisbe 221.0+2.0 Ali-Lagoa et al. (2020) 2182 +74 Herald et al. (2020)
(93) Minerva 167.0 +£3.0 Ali-Lagoa et al. (2020) 1623 +1.7 Herald et al. (2020)
(94) Aurora 158.84_'81(7) Hung et al. (2022) 193.5+6.2 Herald et al. (2020)
(95) Arethusa 131.173% Hung et al. (2022) 147.0+ 1.4 Herald et al. (2020)
(99) Dike 66.5+0.9 Hanus et al. (2018) 69.0 + 3.0 Herald et al. (2020)
(107) Camilla 245.0 +25.0 Delbo’ et al. (2015) 2254 +19.8 Herald et al. (2020)
(109) Felicitas 85.0+6.0 MacLennan & Emery (2019) 84.5+2.7 Herald et al. (2020)
(121) Hermione 220.0 +£22.0 Delbo’ et al. (2015) 191.5+£0.5 Herald et al. (2020)
(130) Elektra 197.0 £ 20.0 Delbo’ et al. (2015) 201.0+2.0 Fuksa et al. (2023)
(135) Hertha 73.45“_’1‘5’ Hung et al. (2022) 79.3+£2.5 Herald et al. (2020)
(152) Atala 575+1.8 Hanus et al. (2018) 65.0+8.0 Durech et al. (2011)
(158) Koronis 34.75% Hung et al. (2022) 38.0+5.0 Durech et al. (2011)
(159) Aemilia 137.0 £ 8.0 Marciniak et al. (2018) 132.0+£2.0 Herald et al. (2020)
(166) Rhodope 48.11%9 Hung et al. (2022) 50.0 3.6 Herald et al. (2020)
(167) Urda 41.15+0.8 Hanus et al. (2018) 475+15.0 Durech et al. (2011)
(187) Lamberta 126.8:'*?:2 Hung et al. (2022) 141.5+£0.5 Herald et al. (2020)
(192) Nausikaa 87.95+3.6 Hung et al. (2022) 95.7+1.7 Herald et al. (2020)
(199) Byblis 66.0%22 Hung et al. (2022) 53.0+5.0 Herald et al. (2020)
(208) Lacrimosa 40.4 0.7 MacLennan & Emery (2019) 445+0.5 Herald et al. (2020)
(234) Barbara 44149 Hung et al. (2022) 459+1.0 Tanga et al. (2015)
(276) Adelheid 102.25“:3:8 Hung et al. (2022) 121.3+5.0 Herald et al. (2020)
(306) Unitas 56.0+1.0 Delbo’ et al. (2015) 51.0£5.0 Durech et al. (2011)
(328) Gudrun 103.5533)% Hung et al. (2022) 103.3+2.5 Herald et al. (2020)
(329) Svea 78.0 +4.0 Marciniak et al. (2018) 73.3+2.5 Herald et al. (2020)
(334) Chicago 146.55f§:2 Hung et al. (2022) 1793 +£29 Herald et al. (2020)
(347) Pariana 46.3531; Hung et al. (2022) 52345 Herald et al. (2020)
(349) Dembowska 1558 +7.1 Yu et al. (2017) 149.0+ 1.0 Herald et al. (2020)
(350) Ornamenta 116.0*3) Hung et al. (2022) 119.0 £5.0 Herald et al. (2020)

(Continued on next page...)
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Table A.1: continued.

Target Dipm referencestpy Doce references,.
(360) Carlova 114-133 Hung et al. (2022) 135.0+3.0 Hanus et al. (2017)
(365) Corduba 83.53’2 Hung et al. (2022) 94.5 +£0.5 Herald et al. (2020)

(372) Palma 166.85f?&3 Hung et al. (2022) 183.2 + 13.1 Herald et al. (2020)
(380) Fiducia 72.0+8.0 Marciniak et al. (2019) 73.0+1.0 Herald et al. (2020)
(381) Myrrha 111.351’3:3 Hung et al. (2022) 134.8’:‘8:; Podlewska-Gaca et al. (2020)
(404) Arsinoe 91.633‘ Hung et al. (2022) 95.7+33 Herald et al. (2020)
(423) Diotima 200.0 £4.0 Ali-Lagoa et al. (2020) 205.7 £ 8.4 Herald et al. (2020)

(426) Hippo 108.2fg:3 Hung et al. (2022) 125 .Sfé"s Marciniak et al. (2023)

(433) Eros 17.8 £0.5 Delbo’ et al. (2015) 17.0+£5.0 Herald et al. (2020)
(439) Ohio 67.85’:%:; Hung et al. (2022) 74.01’3 Marciniak et al. (2023)
(441) Bathilde 66.52> Hung et al. (2022) 76.0571525 | Podlewska-Gaca et al. (2020)
(458) Hercynia 33.8%2 Hung et al. (2022) 37.0+ 1.0 Herald et al. (2020)
(464) Megaira 69.56 + 6.38 | MacLennan & Emery (2021) 76.5f§§ Marciniak et al. (2023)
(468) Lina 69.0 +10.0 Marciniak et al. (2019) 65.7+1.9 Herald et al. (2020)
(532) Herculina | 207.3 £12.0 Delbo’ et al. (2015) 191.0+4.0 Hanus et al. (2017)

(580) Selene 47.35f::§ Hung et al. (2022) 49.5+0.5 Herald et al. (2020)
(657) Gunlod 38.33:? Hung et al. (2022) 38‘03'5 Marciniak et al. (2023)

(694) Ekard 109.5+1.5 Delbo’ et al. (2015) 101.3+£2.5 Herald et al. (2020)

(695) Bella 41 .4f?:g Hung et al. (2022) 495+ 1.5 Herald et al. (2020)

(757) Portlandia 3295+0.5 Hanus et al. (2018) 36.0+5.0 Herald et al. (2020)
(791) Ani 86.5703 Hung et al. (2022) 80.0 £ 5.6 Herald et al. (2020)
(834) Burnhamia 67.0+7.0 Marciniak et al. (2019) 65.0+2.8 Herald et al. (2020)
(849) Ara 72.13:; Hung et al. (2022) 73.0 £ 3.0 Hanus et al. (2017)
(925) Alphonsina 58. 153;‘2‘ Hung et al. (2022) 58.0+0.8 Herald et al. (2020)
(3200) Phaethon 51+02 Hanus et al. (2016) 53+04 Herald et al. (2020)

Notes. If one value was provided or a specific pole was preferred, the value is included directly in this table. In cases where solutions for two poles
were reported in the literature without distinction, their respective sizes are averaged here, and the maximum uncertainty is adopted.
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Appendix B: Chi-squared plots vs. thermal inertia

Plots of )(fed versus thermal inertia for various levels of surface roughness described by @ (symbol coded) and optimised diameter

(colour coded). Plots present the results for one pole solution since the results for the mirror-pole solution were similar.
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Fig. B.5: (373) Melusina: reduced x? vs. I for pole 2. Fig. B.6: (395) Delia: reduced x? vs. I for pole 1.
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Fig. B.9: (541) Deborah: reduced x? vs. I for pole 2.
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Appendix C: Example fits to light curves in the visible range

Model fit to light curves in the visible range obtained from Kepler and TESS spacecrafts (Figures C.1-C.10) for the preferred pole
solution (see Table 5). When no pole solution was preferred, the fit for pole 1 is shown. Fit to the whole light curve dataset can be
viewed in the DAMIT database.
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Appendix D: Model fits to thermal light curves

Model fit to non-saturated WISE thermal light curves (Figures D.1-D.21) for the preferred pole solution (see Table 5). When no pole
solution was preferred, the fit for pole 1 is shown.
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Fig. D.1: (215) Oenone model flux (red
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Fig. D.10: (527) Euryanthe, W3 band.
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Appendix E: Occultation fits

Instantaneous silhouettes of asteroid models derived here with the light curve inversion, fitted on the fundamental plane to the
chords from stellar occultations (Figures E.1 to E.13). The scale is in kilometres. Blue contour by default is for pole 1 shape solution,
and magenta for pole 2, unless one of them is preferred — then this one one is shown with the solid contour, and less preferred in
dashed contour. Continuous black lines join photoelectrically determined occultation timings, creating more reliable chords than
those from visual observations marked with dashed black lines. The dotted lines are for negative (non-detection) observations. The
grey segments show the chord uncertainties from the occultation timings, while the red segment shows the distance covered by the
asteroid shadow in a given time.
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Fig. E.1: Occultation fits for asteroid (215) Oenone
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Fig. E.2: Occultation fits for asteroid (279) Thule
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Fig. E.3: Occultation fits for asteroid (357) Ninina. The pole 1 shape model is preferred.
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Fig. E.5: Occultation fits for asteroid (395) Delia
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Fig. E.6: Occultation fits for asteroids (373) Melusina and (429) Lotis. The preferred pole for Melusina is pole 2 (blue contour). For Lotis the
slightly preferred solution (pole 2) is also marked in blue.
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Fig. E.7: Occultation fits for asteroid (527) Euryanthe. Pole 2 (blue contour) is preferred.
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Fig. E.8: Occultation fits for asteroid (541) Deborah. Pole 2 (blue contour) is preferred.
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Fig. E.11: Occultation fits for asteroids (814) Tauris and (907) Rhoda. The blue contour is for pole 2 in the case of Rhoda.
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Fig. E.12: Occultation fits for asteroid (931) Whittemora. Pole 2 is preferred (blue contour).
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Abstract

Asteroid Justitia is a special main-belt object, being an extremely red body with a steeper spectral slope than any
other D-type asteroid. Conversely, its spectral and polarimetric properties resemble organics-rich Centaurs and
trans-Neptunian objects. For this reason, it was chosen as a main target of the MBR Explorer space mission. It is
crucial for space mission planning and operations to have in advance the best estimate of the target size, spin,
shape, and properties of the surface. In particular, the size determination was in high demand before the extensive
stellar occultation campaign in 2023 August, for station deployment and observation planning. We utilized
multiple lightcurves from our campaign on slow rotators and from the literature to reconstruct the spin and shape of
Justitia via lightcurve inversion. Then we applied the Convex Inversion Thermophysical Model to simultaneously
optimize the fit to visible lightcurves and to thermal data from infrared space observatories. We present here the
pair of most precise physical models of Justitia possible before the occultation campaign, with similar properties of
both solutions. The size range of Justitia was narrowed here to 55-60 km, so by a factor of 4 compared with
previous estimates, and also the shape model's resolution was improved. An estimate of thermal inertia and surface
roughness was also obtained, with implications for surface texture and regolith properties.

Unified Astronomy Thesaurus concepts: Asteroids (72); Asteroid surfaces (2209); Asteroid rotation (2211)

Materials only available in the online version of record: data behind figure, figure set

1. Introduction such an extremely red spectrum requires a presence of complex
organic matter. For such matter to be created, ices of volatile
organic matter are necessary, like methanol and methane
(C. Sagan & B. N. Khare 1979), although the signatures of
such (fresh) ices are today absent from their surface spectra due
to organic ice reddening. This implies that objects bearing such

compounds must have formed beyond the snow line of certain

Asteroid (269) Justitia studied by spectroscopy revealed
unusual features. In the research of F. E. DeMeo et al. (2009)
and S. Hasegawa et al. (2021), this D-type asteroid was found
to have an extremely red surface color and a much steeper
spectral slope than any other D-type asteroid (the red spectrum

meaning increased reflectance toward longer wavelengths). The
recent classification scheme of asteroid spectra by M. Mahlke
et al. (2022) actually separates the extreme, red-sloped objects
into a new “Z-class”. Justitia, and (203) Pompeja, distinctively
stand out of their taxonomy, looking clearly out of place. Their
spectra are much more typical for the outer solar system trans-
Neptunian and Centaur objects of RR and IR class, rich in
organics (S. Hasegawa et al. 2021). To create a surface with

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

volatile organics, while objects with bluer surface spectra (BB
and BR type) formed inside of this line (P. Vernazza &
P. Beck 2017).

Moreover, asteroid (269) Justitia has been found to display
quite unusual polarimetric properties (R. Gil-Hutton & E. Gar-
cia-Migani 2017). Similarly to a Centaur Chariklo and the dark
side of Saturn’s moon Iapetus, it has the smallest depth of
negative polarization branch of all bodies ever subjected to
polarimetric studies, and also a very small angle of minimum
polarization. Such properties put it close to dark F-type
asteroids and icy objects, yet far from D-type Jupiter Trojans.

All these findings strongly suggest that asteroid Justitia has
been formed in the outer solar system and later was transported
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to the main belt during the planetary migration era (A. Morbi-
delli et al. 2005; K. Tsiganis et al. 2005; D. Vokrouhlicky et al.
2016). The fact that objects of such properties are so rare in the
inner solar system would be a simple consequence of their
origin in the farther regions of the outer solar system, as
compared to, e.g., D-type Jupiter Trojan asteroids, believed to
evolve from BR-type trans-Neptunian objects (S. Hasegawa
et al. 2021).

As such, this object provides a unique opportunity to study
outer solar system objects in situ without a lengthy space
mission. Its relatively good accessibility (middle main belt),
together with unique features, providing constraints on solar
system formation and dynamic evolution, were the main
drivers of the recently announced Mohammed bin Rashid
(MBR) Explorer space mission (G. Filacchione et al. 2023;
A. Raponi et al. 2023) of the United Arab Emirates (UAE),'°
also known as the Emirates Mission to the Asteroid Belt. The
mission launch is scheduled for 2028 March. The spacecraft is
planned to visit seven asteroids and attempt to land on Justitia
in the year 2034. This mission is well in line with the white
paper advocating the need for a space mission to a primitive
main-belt asteroid (P. Vernazza et al. 2022).

The science objectives of the MBR Explorer mission are,
among others, to provide new insights into the dynamical
evolution of small main-belt asteroids and to help investigate
how icy small bodies physically evolve across the solar system.
One of the principal goals of the mission is to determine the
geological history, interior structure, and ice content of the target
asteroids (M. R. El-Maarry et al. 2023). These general science
goals are going to be achieved with the four instrument main
payload: a visible narrow-angle framing camera, a midwavelength
infrared (IR) imaging spectrometer, an IR spectrometer, and an IR
imager (H. Reed et al. 2023). Using these instruments, the mission
in particular is going to determine the asteroids’ mineralogy,
including hydrated minerals, and their organic materials content;
derive the surface regolith properties; characterize the diurnal
surface temperature and its temporal variability; determine the
thermophysical properties of the outer surface layers; and
characterize the potential landing zones on (269) Justitia
(G. Filacchione et al. 2023).

Since the announcement of the mission, the scientific interest
in Justitia has started to grow. For example, a promising stellar
occultation by Justitia has been predicted for 2023 August 31,
and an extensive campaign has been organized, with over 50
observers engaged (see M. W. Buie et al. 2025).

By a fortunate coincidence, we had been observing Justitia
within our photometric campaign targeted at slow rotators
(A. Marciniak et al. 2015) for a few years already when the
mission to this asteroid was announced. During this campaign,
we have been gathering dense rotational lightcurves of a few
tens of asteroids with periods within a range of 12-60 hr, to
construct their spin and shape models and put them into scale
via thermophysical modeling and stellar occultations (see, e.g.,
A. Marciniak et al. 2021, 2023). At the request of the
occultation team gathered around the event in 2023 August, we
attempted to determine the size of Justitia, to help with the
planning of the station deployment. Previous size determina-
tions of this asteroid ranged from 46.56 £ 1.655km
(E. L. Ryan & C. E. Woodward 2010) to 64.92 £+ 0.590 km
(J. R. Masiero et al. 2012), with the newest determination of

!¢ MBR Explorer was named after Sheikh Mohammed bin Rashid Al
Maktoum, the vice president and prime minister of UAE.
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60.94 £ 13.950 (J. R. Masiero et al. 2020), complicating the
occultation campaign planning that aimed at dense and uniform
coverage of the predicted asteroid shadow.

Combining lightcurves from our slow rotators program with
the data from the literature, we successfully reconstructed
Justitia's spin and shape, first basing this exclusively on relative
lightcurves. Later we combined these lightcurves with thermal
data in a joint approach that resulted in a comprehensive model
of the spin, shape, size, and thermal inertia of Justitia. This
model provided the size in a much narrower range than
published before, allowing for an optimal station deployment
plan and contributing to the success of the occultation
campaign (M. W. Buie et al. 2025).

In the following section, we briefly describe previous
photometric studies on Justitia and our program targeting slow
rotators. The next section outlines the methods used for spin
and shape reconstruction, followed by the thermophysical
modeling description and the results. Section 4 summarizes the
work and outlines prospects for the utilization of our results.

2. Photometric Observations

Long before Justitia was chosen as a target of a space
mission, it was part of our program targeting slow rotators.
These are asteroids whose spin and shape models were often
unavailable, due to observing selection effects. Their long
rotation periods, in the range of 12—60 hr, often coupled with
small amplitudes of lightcurves, make them challenging targets
largely avoided by previous studies (A. Marciniak et al. 2015).
Due to the scarcity of dense lightcurves, construction of their
spin and shape models was hampered, and as a consequence
this bias made them underrepresented in the sample of well-
studied asteroids, considering their actual, abundant occurrence
(see, e.g., A. Pal et al. 2020).

Our photometric observing campaign targeted at slow
rotators is described in detail in A. Marciniak et al. (2015).
In the case of Justitia, stations from Turkey, Lithuania,
Hungary, Poland, Ukraine, the UK, France, and South Korea
provided data that resulted in almost full coverage of Justitia's
33 hr period in all three attempted apparitions. Telescopes with
diameters from 30 to 60 cm equipped with CCD cameras were
used, and the observations were made mostly through R but
also L filters. They were long (3-9 hr), continuous exposure
series of the field with the asteroid and comparison stars,
resulting in precise, dense lightcurves. The key issue in the
campaign targeting slow rotators is the observers' coordination
for efficient phase coverage and duplicate avoidance. It was
achieved with an internal web planning service displaying
visible targets, their rotation phases already covered, and those
available during a given night from a particular observing site.
Some duplication of lightcurve fragments was actually
desirable, especially spaced by a few weeks, since the repeating
lightcurve features facilitate better constraining the rotation
period, but also track the small lightcurve morphology changes
due to shadowing effects. The raw CCD frames have been
corrected for bias, dark frame, and flat field, and the aperture
photometry was applied using various software. When, due to
asteroid brightness, short exposures have been used, to avoid
oversampling a point binning was applied so that the number of
data points per period stayed between 100 and 200.

Figures 5-6 present the composite lightcurves from three
apparitions obtained within this study. Table 2 presents the
observing runs' circumstances, the observers, and their sites.
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Previously, lightcurves of Justitia have been published by
M. A. Barucci et al. (1992), F. Pilcher (2016), and T.-S. Yeh
et al. (2020). The rotation period of 16.5 hr from the first and
last of these works was found to be twice as long by F. Pilcher
(2016), which has been confirmed by our observations.

3. Modeling Asteroid Justitia

By another lucky coincidence, in mid-2023 the overall set of
Justitia lightcurves from our program and the literature turned
out to be just sufficient for spin and shape reconstruction. Also,
there existed a rich set of thermal data from infrared
observatories. All this combined allowed us to determine the
size of this body just in time for the occultation campaign on
2023 August 31.

First, we used exclusively the relative lightcurves in the
visible for an initial spin and shape reconstruction through
the lightcurve inversion method (M. Kaasalainen &
J. Torppa 2001; M. Kaasalainen et al. 2001). The shape model
in this method is a convex polyhedron parameterized by a
spherical harmonics series. When the method is fed with data
from sufficiently varied viewing geometries, it quickly
converges to a unique solution. We constrained both the
period and the spin solution for Justitia this way, with its pole
mirror counterpart, due to the unavoidable symmetry of the
problem. Since the majority of main-belt asteroids have low
orbital inclinations, the appearance of their lightcurves would
be insensitive to a mirror-flip of the spin axis by 180° in
longitude. This ambiguity can only be broken for asteroids with
orbital inclination higher than ~20°. In the case of Justitia, its
orbit inclination to the ecliptic 7 is 5.5, so the spin and shape
ambiguity is inevitable.

The lightcurves are well fitted by the models practically
down to the noise level (0.010 mag; see Figure 7 in the
Appendix). There existed a previous spin and shape model of
Justitia, based exclusively on sparse-in-time data (J. Durech
et al. 2020). Our spin solutions are similar to it, but due to the
usage of dense lightcurves, our initial shape model is less
angular. However, the stretch of this initial model along the
“z’-axis is not well constrained from the lightcurve inversion
alone.

In the next step, we added one of two sparse photometric
data sets from the ATLAS survey (J. L. Tonry et al. 2018), used
by J. Durech et al. (2020). These calibrated data well
constrained the stretch of the shape model along the rotation
axis, since they are sensitive to the absolute dimensions of the
asteroid cross section. Then we gathered all available thermal
data for Justitia, downloading them from the Infrared
Database'’ (R. Szakits et al. 2020). They were obtained at
12, 25, and 60 um (IRAS survey; G. Neugebauer et al. 1984); 9
and 18 ym (Akari survey; F. Usui et al. 2011), and 22.6 yum
(Wide-field Infrared Survey Explorer (WISE) survey;
E. L. Wright et al. 2010). Data obtained by WISE at 11.1 um
were partially saturated and could not be used.

We utilized these data in a joint approach to optimize the
asteroid parameters and shape simultaneously to fit the visible
lightcurves, sparse data, and thermal flux measurements. This
method is called the Convex Inversion Thermophysical Model
(CITPM) and has been introduced by J. Durech et al. (2017)
and verified on multiple targets by A. Marciniak et al. (2021).
In parallel to the same convex inversion algorithms

'7 https:/ /ird konkoly.hu/
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described above, the CITPM method also uses the standard
Thermophysical Model (TPM) approach introduced by
J. S. V. Lagerros (1996, 1997, 1998) and widely used in
multiple thermophysical studies (see M. Delbo’ et al. 2015 for
the review). The algorithm solves the one-dimensional heat
diffusion equation to find the temperature of each surface
element and its infrared flux at the time of each thermal
measurement. There are hundreds of such surface elements,
whose contribution is added for the overall flux. The
parameters characterizing each element are thermal inertia,
surface roughness (described by spherical-section craters of
opening angle from 10° to 90° and fraction of surface coverage
from 0% to 100%), and a light scattering law in the form of the
Hapke model (B. Hapke 1981, 1984, 1986). Parameters of the
Hapke model are optimized to fit the phase curve. For
emissivity, we used a standard value of 0.9 (see, e.g., L. F. Lim
et al. 2005). The main point in the CITPM usage is to find the
best weight between visible and thermal data so that the final
model optimally fits both types of data. Still, making the initial,
convex inversion model based on lightcurves only was a
necessary step. The CITPM method, due to the multitude of
fitted parameters, is not able to scan the whole parameter space
for the best period and spin axis position. Thus, the spin
parameters from the convex inversion are a required input for
the CITPM.

4. Results

Applying the CITPM we obtained a much smoother, more
realistic shape model of Justitia than from lightcurve inversion
alone, and a precise size determination with an estimate of
thermal inertia and surface roughness. The resulting model
parameters are presented in Table 1. The spin axis is far from
the ecliptic plane and the rotation is retrograde, as indicated by
the negative values of 3,,. Size is now constrained to the narrow
range of 55-60 km, where CITPM solutions even 2 km beyond
this range provided a much poorer fit to thermal data. Shape
models for both spin solutions are presented as viewed from
three sides in Figure 1. In addition, Figure 2 shows the fit of
both model solutions to a normalized phase curve, while
Figures 7 and 8 show the model fit to lightcurves in the visible,
and the fit to all the thermal data, respectively. It can be seen
that this model well fits both types of data with very small
deviations of model lightcurves from the observed ones
(0.0128 mag) and a small reduced x2 =0.29 for the infrared
data fit (all values discussed here are for pole 1 solution, those
for the mirror solution being similar; see Table 1). Geometric
albedo is also well constrained to 0.058 + 0.006.

Unlike the size and albedo, the thermal inertia is usually
determined with a large uncertainty, and so is the case here: for
pole 1 it is 417}}° SI units, where most of the solutions with
free thermal inertia tended to concentrate below 50 SI units. A
large uncertainty here might be due to the relatively large
variations in Justitia heliocentric distance (full range of the
order of 0.6 au at the mean value of 2.74 au), while there is a
dependence of thermal inertia on heliocentric distance, due to
different temperatures (S. J. Keihm 1984; M. Mueller et al.
2010). Figure 4 present the results from multiple loops over
various levels of surface roughness, run for thermal inertia
varied by 10 SI units'® in each step. In Table 1 we also present
the thermal inertia corrected to 1au (87 SI units) for direct

B ym2g 12K,
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Figure 1. Shape models of asteroid (269) Justitia from the CITPM: solution for pole 1 (top) and pole 2 (bottom). Shapes are displayed in three views, left to right: two

equatorial views, 90° apart, and a pole-on view.

Table 1
Physical Properties of Asteroid Justitia and Information on the Data Set Used

Parameter Value

Number of apparitions (calendar years) 7 (1984-2022)

Number of lightcurves 52
Number of IRAS, Akari, and WISE thermal data 12, 10, 15
points

Average heliocentric distance (au) 2.74 + 0.30

Pole 1 solution
Aol (deg) 73 £ 11
Bpt (deg) —81 £ 15
Sidereal period (hr) 33.12962 + 0.00001
Deviations from visible lightcurves (mag) 0.0128
Infrared xfed 0.29
Equivalent sphere diameter (km) 58 £2
Albedo 0.058 £ 0.006
Thermal inertia (SIu) 41740
Thermal inertia at 1 au (SIu) 87

Pole 2 solution
Ap2 (deg) 254 £8
B2 (deg) —68 £ 12
Sidereal period (hr) 33.12962 4+ 0.00001
Deviations from visible lightcurves (mag) 0.0124
Infrared X2, 0.27
Equivalent sphere diameter (km) 56+
Albedo 0.059 £ 0.007
Thermal inertia (SIu) 531190
Thermal inertia at 1 au (SIu) 113

Note. The first two rows contain the number of apparitions when lightcurves were
obtained, calendar years, and the number of separate lightcurves. The next part
details the infrared data set: the number of points provided by space observatories
IRAS, Akari, and WISE, respectively, and an average heliocentric distance of
thermal infrared observations r,e with the standard deviation. Next follow the
model parameters for two mirror solutions: J2000 ecliptic coordinates ), ;3,, of the
spin axis, sidereal rotation period P, and the deviation of model fit from those
lightcurves (including fit to sparse data). The next rows present the reduced chi-
square of the best fit (X.zed) to infrared data, the surface-equivalent size D,
geometric albedo py, thermal inertia I' in Tm 252K~ SI units (SIu), and
thermal inertia normalized to 1au calculated according to the equation
Iy = DA™, following B. Rorzitis et al. (2018).

comparisons with other studies of asteroid thermal inertia.
Consistent with the small or medium thermal inertia value, the
surface roughness is very high in our study, as the two
quantities are usually anticorrelated. However, thermal skin
depth calculated according to the formula from J. R. Spencer
et al. (1989) is only 5 mm for Justitia, implying small regolith
grain sizes.

Finally, since the main trigger of this work was an upcoming
stellar occultation campaign, we generated the on-sky views of
our newly cleated models. Figure 3 presents both solutions of
Justitia's shape as on-sky views phased for the anticipated
occultation moment on 2023 August 31 at 10:56 UT.

Our results have much wider applications: the reliable size
and albedo constraints with the knowledge of thermal inertia
and surface roughness of asteroid Justitia is going to facilitate
the MBR Explorer mission planning, in situ operations, and
landing. Also, the wealth of data obtained during the mission
compared to premission results are going to provide a ground
truth for asteroid studies based on remote sensing.

5. Discussion and Conclusions

Motivated by the planned space mission and upcoming
favorable occultation event, we successfully attempted spin and
shape reconstruction of the unusual D-type main-belter Justitia
from lightcurves. Additionally, we also studied this body in the
thermal aspect, which allowed us to obtain a good size estimate
of 58 £+ 2 km, pinpointing it to a much narrower range than the
sizes available from previous studies (46.56-64.92 km).
Previous size determinations of Justitia were based on the
Simple Thermal Model (STM) (E. F. Tedesco et al. 2002),
IRAS-STM model; (E. L. Ryan & C. E. Woodward 2010), and
NEATM (e.g., J. R. Masiero et al. 2012), which use spherical
shape approximation and other simplifying assumptions con-
cerning the asteroid spin and thermophysical parameters to fit
sparse thermal measurements. Here we provide detailed spin and
shape solutions applied in a more sophisticated thermophysical
model, free from such assumptions. As such, our model is the
first full spin, shape, and size solution for asteroid Justitia,
consistent with all the data used for its construction: a rich set of
dense lightcurves, calibrated brightness measurements, and
thermal infrared data. Connected to size, previously published
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Figure 2. The model fit to normalized phase curve of (269) Justitia resulting from the CITPM: solution for pole 1 (left) and pole 2 (right). Calibrated brightness
measurements have to be normalized in the modeling process in order not to overweight other types of data.

Figure 3. On-sky views of Justitia shape models from the CITPM phased for
the 2023 August 31 occultation moment at 10:56 UT. North is up and east is
left. Left plot: shape model for pole 1; right plot: same for pole 2 (see Table 1).

albedo values for Justitia were in a rather wide range from
0.061 (J. R. Masiero et al. 2012) to 0.130 (E. L. Ryan &
C. E. Woodward 2010). Our value for albedo turns out to be
even smaller (0.058 £ 0.006), consistent with the hypothesized
origin of Justitia in the trans-Neptunian region of icy bodies,
with a surface covered with darker organic material, later
darkened even more by the organic ice reddening processes.
Relatively small to medium thermal inertia supports a long
history of the surface being influenced by micrometeorite
bombardment, resulting in a layer of fine regolith on the surface.
The thermal solution also suggests a high surface roughness,
with a thermal skin depth of 5 mm.

As opposed to a previous sparse-data model published by
J. Durech et al. (2020), our high-resolution shape model of
Justitia has a more realistic, smooth appearance, free from
sharp edges and large planar sections, characteristic of models
based on sparse-in-time data. Such data apparently do not
contain full information on the whole shape. Still, models
constructed on them are good at correctly reproducing spin axis
position and sidereal period (J. Hanus$ et al. 2016). The spin
solution found by J. Durech et al. (2020) is A1 =T1°,
ﬁpl = —790, and )\p2 = 2510, 6‘,,2 = —690, with Psid =
33.129 hr, placing the spin axis a few degrees from our
solution and having consistent, though less precise, sidereal
period of rotation (see Table 1). Also, our study resulted in a
shape model with well-determined stretch along the rotation

axis, which has been a persisting weakness of shape models
reconstructed from relative lightcurves only, as was the case in
an initial version of our model.

Our model of the Justitia asteroid already proved useful for
the occultation campaign planning and will be important for the
MBR Explorer mission operations and science results. The
initial results from the occultation campaign confirm our
findings. They also clearly reject one of the mirror shape
solutions, while confirming the other, thus breaking the spin
ambiguity. For a detailed description of the occultation
campaign and results see the accompanying paper by
M. W. Buie et al. (2025).
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Appendix
Additional Figures and Tables

Plots of the reduced infrared x> versus thermal inertia
(Figure 4), composite lightcurves in the visible from three
apparitions (Figures 5 and 6), example fit of Justitia model to
visible lightcurves (Figure 7), and infrared model fluxes
compared to measured fluxes (Figure 8). Details of the
observing campaign are given in Table 2.
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(The data used to create this figure are available in the online article.)
(The complete figure set (51 images) is available in the online article.)
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Figure 8. Asteroid Justitia infrared model fluxes (red circles) compared to measured fluxes in various bands indicated in each plot (black circles). Infrared
measurements spaced by more than 100 days are shown in separate plots.

Table 2
Details of the Photometric Campaign for (269) Justitia
Date N A Phase Angle Observer Site
(deg) (deg)
1984 Aug 6.2-1984 Aug 15.2 5 296-297 8-13 M. A. Barucci et al. (1992) ESO, La Silla, Chile
2006 Dec 11.9-2006 Dec 13.9 2 43 12 P. Antonini, R. Behrend Observatoire des Hauts Patys, France
2015 Nov 21.4-2016 Jan 3.2 11 85-94 2-11 F. Pilcher (2016) Organ Mesa Observatory, NM, USA
2017 Feb 26.7-2017 Mar 2.7 5 162-163 0-2 T.-S. Yeh et al. (2020) Purple Mountain Observatory, PR China
2019 Oct 31.0-2020 Feb 9.8 2 66-79 13-18 E. Pakstiené Molétai, Lithuania
2019 Nov 8.0 1 78 10 M. Drézdz Mount Suhora, Poland
2019 Dec 3.0-2019 Dec 8.1 4 72-73 3 S. Fauvaud, M. Fauvaud Pic du Midi Observatory, France
2020 Jan 12.0 1 66 13 G. Csornyei Piszkéstetd, Hungary
2020 Jan 16.8-2020 Jan 24.8 2 65-65 14-16 V. Kudak, V. Perig Derevivka, Ukraine
2021 Jan 20.0-2021 Mar 4.8 4 137-147 2-9 E. Pakstiené Molétai, Lithuania
2021 Mar 6.9 1 137 10 R. Szakits Piszkéstetd, Hungary
2021 Mar 12.0-2021 Mar 19.9 2 135-136 12-14 A. Jones Maidenhead, UK
2021 Apr 9.8-2021 Apr 14.8 2 134-135 19-20 W. Ogtoza Adiyaman, Turkey
2022 Jun 6.7 1 287 15 D.-H. Kim, M.-J. Kim SOAO, South Korea
2022 Jun 12.9-2022 Jul 27.9 9 278-286 4-13 W. Ogloza Adiyaman, Turkey

Note. Table shows observing dates, number of lightcurves, range of ecliptic longitudes of the target, Sun—target—observer phase angles, the observer’s name (or paper
citation in cases of published data), and the observing site. SOAO stands for Sobaeksan Optical Astronomy Observatory.
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ABSTRACT

Context. As evidenced by recent survey results, the majority of asteroids are slow rotators (spin periods longer than 12 h), but lack
spin and shape models because of selection bias. This bias is skewing our overall understanding of the spins, shapes, and sizes of
asteroids, as well as of their other properties. Also, diameter determinations for large (>60 km) and medium-sized asteroids (between
30 and 60 km) often vary by over 30% for multiple reasons.

Aims. Our long-term project is focused on a few tens of slow rotators with periods of up to 60h. We aim to obtain their full light
curves and reconstruct their spins and shapes. We also precisely scale the models, typically with an accuracy of a few percent.
Methods. We used wide sets of dense light curves for spin and shape reconstructions via light-curve inversion. Precisely scaling them
with thermal data was not possible here because of poor infrared datasets: large bodies tend to saturate in WISE mission detectors.
Therefore, we recently also launched a special campaign among stellar occultation observers, both in order to scale these models and
to verify the shape solutions, often allowing us to break the mirror pole ambiguity.

Results. The presented scheme resulted in shape models for 16 slow rotators, most of them for the first time. Fitting them to chords
from stellar occultation timings resolved previous inconsistencies in size determinations. For around half of the targets, this fitting also
allowed us to identify a clearly preferred pole solution from the pair of two mirror pole solutions, thus removing the ambiguity inherent
to light-curve inversion. We also address the influence of the uncertainty of the shape models on the derived diameters.

Conclusions. Overall, our project has already provided reliable models for around 50 slow rotators. Such well-determined and scaled
asteroid shapes will, for example, constitute a solid basis for precise density determinations when coupled with mass information. Spin
and shape models in general continue to fill the gaps caused by various biases.

Key words. minor planets, asteroids: general — techniques: photometric

* Lighcurves are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/679/A60
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1. Introduction

One of the ultimate aims of asteroid research is to obtain density
determinations that would enable studies of their internal struc-
ture (micro- and macroporosity), and mineralogical composition
in order to link meteorites with their parent bodies. Asteroids
larger than 100 km in diameter are considered primitive and
largely unchanged since their formation (Morbidelli et al. 2009),
while smaller ones are seen as remnants of collisional dis-
ruptions and reaccumulations, with substantial macroporosity
(Carry 2012).

Sizes of asteroids, a necessary prerequisite to deriving con-
clusions as to internal structure and density where mass is
available, are not easy to determine. Accurate size determina-
tions are of vital importance, as their relative error is tripled
in density determinations, while to clearly distinguish between
the different mineralogies of asteroid interiors, the density needs
to be known with 20% precision (Carry 2012). In the majority
of cases, asteroid sizes are calculated from a known value of
absolute magnitude, and an assumed geometric albedo (Harris
& Harris 1997), which leads to large uncertainties in the derived
diameter, namely at the level of 20%—-30% for main-belt aster-
oids, and reaching over 50% in some cases (Tanga et al. 2013)".
The solution is to use infrared measurements: in the visible light,
a small target with a highly reflective surface is equally as bright
as a large target with a dark surface. However, in the infrared, the
two objects appear substantially different. A visually dark object,
due to its smaller albedo, absorbs most of the solar radiation,
and is heated to higher temperatures than its visually brighter
counterpart (Harris & Lagerros 2002). Therefore, thermal data
combined with absolute brightness in the visible light enable
us to put tight constraints on the object size, typically reducing
the uncertainty to 5-10% (Delbo’ et al. 2015), but only if spin
and shape model is available. Without a model, the accuracy of
this method is greatly reduced. Also, this method is limited to
objects with rich thermal datasets from multiple space observa-
tories. For example, large objects of around 100 km in diameter
tend to be saturated in W3 and/or W4 bands (11.1 and 22.64 um
respectively) of the WISE mission (Wright et al. 2010), and so
data from WISE cannot be used in their thermophysical mod-
elling (Delbo’ et al. 2015). The diameters of these targets must
therefore be determined with other methods.

A somewhat complementary method that enables large aster-
oid surfaces to be imaged and their shapes and sizes to be
determined is high-resolution imaging with the state-of-the-
art adaptive optics systems used with modern deconvolution
techniques. A recent large programme at the VLT using the
SPHERE/ZIMPOL instrument provided detailed shapes and
accurate sizes for around 40 main-belt asteroids representing all
of the main taxonomic classes (see e.g. Vernazza et al. 2021).
This technique, although spectacular, is nevertheless limited to
the relatively nearby and large asteroids.

Another powerful technique for measuring sizes of aster-
oids is the stellar occultation timing analysis (Herald et al.
2020), which is almost completely independent of their size
or distance. Asteroids in their on-sky paths sometimes cross
background stars, casting a shadow on the Earth surface. Obser-
vations of these rare events from a few separate sites within
the predicted shadow path — thanks to precise timings — enable
almost direct asteroid size measurements in kilometers. The tar-
get silhouette can also be outlined by the occultation, which
can be used to verify the shape models (Durech et al. 2011).

I https://mp3c.oca.eu/

A60, page 2 of 43

Such events sometimes lead to discoveries of asteroid satellites
or rings (Gault et al. 2022; Ortiz et al. 2017), enabling mass
determinations. An important advantage of this technique is the
possibility to break the symmetry between two mirror pole solu-
tions, which is inherent to photometric light-curve inversions
of asteroids orbiting close to the ecliptic plane (Kaasalainen &
Lamberg 2006).

A desirable situation would be to have at least three occulta-
tion chords for each event (Durech et al. 2011). A dense network
of ground-based observatories is therefore required, such as the
network built within the Lucky Star project’, the RECON net-
work® (Buie & Keller 2016), or the wide and well-organised
regional networks of the International Occultation Timing Asso-
ciation*. With Gaia catalogues available (Gaia Collaboration
2021), the accuracy of occultation predictions has substantially
improved (Tanga et al. 2022), and is expected to improve even
more with the release of the full Gaia catalogue. Now there is a
unique opportunity for successful observations, since both stellar
positions and asteroid orbits are determined with unprecedented
accuracy, resulting in most reliable occultation predictions to
date. There is a time-window in which to take this opportunity,
because over the following decades both quantities will start to
deteriorate because of uncertainties in stellar proper motions and
perturbations of asteroid orbits.

The vast majority of asteroid shape models published today
are scale-free, approximate shape representations, because the
focus is mainly on determining their spin parameters (see e.g.
Hanug et al. 2018; Durech et al. 2020). These shape models,
given their angular appearance with sharp edges and large planar
areas, tend to be problematic when used in further applications
such as thermophysical modelling or fitting their silhouettes to
stellar occultations (Hanus et al. 2016), with the main outcome
of both being diameter determinations.

In parallel, the targets on which most of these studies have
focused do not necessarily represent all of the various popu-
lations of main-belt asteroids (Marciniak et al. 2015). Most of
the spin and shape asteroid models available today are for rela-
tively fast-rotating targets, while the TESS mission, for example,
revealed that slow rotators (bodies rotating with periods of longer
than 12 h) strongly dominate in all asteroid populations at vari-
ous sizes (e.g. around 5700 objects out of 9900 in the TESS DR1
sample’, P4l et al. 2020).

Motivated by the trends described above, our survey (see e.g.
Marciniak et al. 2018) is designed to reconstruct precise spin
and three-dimensional shape models for the most challenging,
slowly rotating asteroids, and to determine their sizes with the
best available methods (thermophysical modelling, and/or stel-
lar occultation fitting). Thanks to this survey, we now have the
most accurate shape models and size values to date for over 30
such asteroids (Marciniak et al. 2021). In this work, we present a
further 16 slow rotators, most of which previously lacked shape
models or even good-quality light curves. Unlike our previous
targets (published in Marciniak et al. 2018, 2019, 2021), these
16 asteroids could not be reliably scaled using thermal data
because of the poor quality of the infrared datasets existing for
them. Here, we therefore focus on scaling them using stellar
occultations.

Section 2 describes our two observing campaigns, which tar-
get these bodies: one to obtain their light curves in multiple

2 http://lesia.obspm.fr/lucky-star/

3 http://tnorecon.net/

4 https://occultations.org/

5 https://archive.konkoly.hu/pub/tssys/drl/
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apparitions, and another to observe them in stellar occultations.
Sections 3 and 4 present the methods we used for shape recon-
struction and to fit the models to stellar occultation chords.
Section 5 presents asteroid spin and shape models, verified and
scaled using occultation fitting, which in many cases enabled us
to identify a preferred pole solution. A final section summarises
our findings and presents future plans, with possible applications
of our results.

2. Observing campaigns
2.1. Photometric campaign for dense light curves

Our wide photometric campaign, which is described in detail
in Marciniak et al. (2015), is motivated by the lack of a good-
quality representation of the main-belt asteroid population as
a whole by spin and shape models. As expected, models have
mainly been constructed for targets for which this process is
relatively straightforward, while others have been left behind.
Therefore, we focused on asteroids with long periods and low
amplitudes in order to counterbalance this unequal distribution.
Later, slow rotators were shown to be important targets for ther-
mal studies, as it has been speculated that they might allow us to
study deeper surface regolith layers (see Harris & Drube 2016,
2020; Marciniak et al. 2021, for discussions). Furthermore, as
evident from the results from Kepler (Molnar et al. 2018; Kalup
et al. 2021) and confirmed by TESS missions (P4l et al. 2020),
the main focus in asteroid physical studies should be on slow
rotators.

The light-curve campaign for slow rotators relies on a wide,
relatively uniformly distributed, and efficiently coordinated net-
work of small telescopes of up to 1m in diameter (Table B.1 in
the Appendix presents the observing runs, sites, and participat-
ing observers). This allows full coverage of the light curves of
targets with rotation periods reaching 60 h within a reasonable
time-frame. Data collection took a long time, partly because of
the long periods of our targets, but also because of the paucity
of previous data, which meant it was necessary to observe each
target in five or more apparitions in order to obtain a unique
spin and shape model using the convex inversion method by
Kaasalainen et al. (2001). Wherever possible, our light curves
are supplemented with data from the Kepler and TESS mis-
sions, and from previous ground-based observations, resulting in
dense light curves (see Table B.1 in the Appendix for references),
mostly through the ALCDEF database®.

2.2. Stellar occultation campaign

In October 2020, we launched an auxiliary campaign for slow
rotators. Although some of them have previously been observed
in stellar occultations, the results were mostly single posi-
tive chord observations, which are unusable for precise scaling
(Herald et al. 2019). Therefore, in cooperation with the European
Section of the International Occultation Timing Association
(IOTA/ES), we started an occultation campaign for ‘Neglected
Asteroids’”. Later, this campaign gained its separate tag in the
Occult Watcher Cloud?, a tool widely used for occultation plan-
ning and coordination. The aim is to register multi-chord stellar
occultations for slow rotators from our target list. In contrast to
the light-curve campaign, where hundreds of hours on-target are

6 https://alcdef.org
7 https://www.iota-es.de/neglected_asteroids.html
8 https://cloud.occultwatcher.net/

needed, occultation events require observations of only one or
2 min, as they last only a few seconds. This means that good
coordination and timing are even more important than in the
light-curve campaign. The occultation predictions were made
using the JPL Horizons database for asteroid orbits’, and Gaia
EDR3'? for star positions. Although these events are rare, the
campaign has already resulted in a dozen or so successful occul-
tation observations, with the number of positive chords per event
reaching nine (see e.g. the events from the years 2021 and 2022
in Figs. A.6 and A.14).

Archival occultation data were downloaded from the Plane-
tary Data System (PDS) archive!! (Herald et al. 2019), and more
recent ones were obtained from the archive of the Occult pro-
gramme'?, or directly from the regional IOTA coordinators, who
perform data evaluation and vetting in order to achieve good-
quality and consistent occultation results. Most of the occultation
observers are amateur astronomers, which makes this campaign
a good example of a successful professional-amateur, or ‘pro—
am’, collaboration. Table B.2 provides the observer names and
site locations for each occultation event used here.

3. Convex inversion with shape regularisation

The majority of asteroid models presented in this work were
constructed using the common convex inversion method of
Kaasalainen & Torppa (2001); Kaasalainen et al. (2001). When
light-curve data are sufficiently abundant to uniquely determine
the sidereal rotation period and the pole direction, the shape
model reconstructed from the Gaussian image is usually such
that its rotation axis z is very close to the principal axis of the
inertia tensor with the largest moment of inertia. Shapes that fit
the data but strongly violate this condition have to be rejected as
physically unacceptable solutions of the inverse problem. How-
ever, in some cases the data are so abundant that it is clear
that, although the solution is correct, the shape is not physically
acceptable. By ‘squeezing’ the shape along the rotation axis, the
inertia tensor can be changed in such a way that its greatest axis
is close to the rotation axis. However, this can only be done after
the best-fit model is found, and we must also check whether or
not this shrinking along the rotation axis affects the light-curve
fit significantly.

When working with the Gaussian image during the optimisa-
tion, the shape is not known and we cannot regularise it to obtain
the maximum moment of inertia around the rotation axis. How-
ever, even without computing the inertia tensor precisely, the
shapes that are not rotating along the shortest axis are elongated
along the z axis. This elongation means that the cross-section
viewed from the pole direction is smaller than that from the equa-
torial view (xy plane). Although the 3D shape is not available
during optimisation, the areas of surface facets and their nor-
mals are known, and so their projections can be computed. The
regularisation term R that we introduce is

N
2 0 (i &1 + i - gl)
R=" , (1

9 https://ssd.jpl.nasa.gov/horizons/

0 https://www.cosmos.esa.int/web/gaia/earlydr3

I http://sbn.psi.edu/pds/resource/occ.html

2 http://www.lunar-occultations.com/iota/occult4.htm
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Fig. 1. Two versions of shape model 2 for (566) Stereoskopia: without shape regularisation (top) and with regularisation applied (bottom), using
the same starting parameters otherwise. The three views show, from left to right: two equatorial views separated by 90°in phase, and the pole-on
view. We note that the pole-on silhouettes generally agree between two versions of the shape model, as it is the equatorial cross-section that most

effectively influences the light curves.

where #; are unit normals to surface elements of areas o;, and
X,9,Z are unit vectors along the coordinate axes; the summa-
tion is over all N surface elements. The more extended the shape
along the z axis, the higher R, and so the penalty function that is
added to the y? is R times some weight w. By increasing w, the
shape model is forced to have projected areas along the x and y
axes that are smaller than along the z axis, which makes it more
oblate and ensures physically correct rotation. This way, we were
able to produce physically realistic shapes for (439) Ohio and
(566) Stereoskopia, for which the standard light-curve inversion
without regularisation led to unphysical shapes. With regular-
isation, the fit to the data remained almost the same (RMS
changed from 0.0073 to 0.0074 for the example shown in Fig. 1),
meaning that the dimension along the rotation axis was not con-
strained by the data, and the regularisation helped to produce
realistic shapes without affecting the fit. A ‘negative regular-
isation’ mentioned in the following section means using the
regularisation term 1/R?, which produces more stretched shapes
when needed.

4. Occultation fitting

As mentioned in Sect. 1, shape models derived from photome-
try do not carry information about the size; they are scale-free.
We scaled them using the same approach as Durech et al.
(2011) and recently Marciniak et al. (2021). The positions of the
observers detecting an occultation were projected on the fun-
damental plane, which is the plane crossing the geocenter and
is perpendicular to the direction from the asteroid to the star.
We then computed the orientation of the shape model for the
mean time of occultation and projected it also to the fundamen-
tal plane. Because the time span of occultation timings is usually
much shorter than the rotation period of the asteroid, the rota-
tion is neglected, and the silhouette is assumed to be constant.
The size of the asteroid and the relative position of its projec-
tion on the fundamental plane with respect to chords are three
parameters optimised to converge to the best agreement between
the projection of the asteroid shape and occultation chords. The
goodness of the fit is described by a standard y? measure with
timing uncertainties taken into account.
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The uncertainty of the derived size is affected by many fac-
tors: the number of occultation events, the number of chords in
individual occultations and their distribution across the silhou-
ette, the timing errors of individual chords, and the uncertainty
on the projection of the asteroid (and therefore the uncertainty
on its shape and spin state). When there are several occultations
by one asteroid with many chords covering the whole projected
disc, the RMS residual in kilometers is one estimation of the size
uncertainty (see the last column in Table 1).

However, the uncertainty on the sizes of the asteroids deter-
mined in this way does not take into account the uncertainty on
the models themselves. The main problem is that relative light
curves supporting the models are largely insensitive to a vertical
dimension of the shape model, as the ratio between the biggest
and smallest projected area in a given aspect remains similar
regardless of this dimension. To tackle this problem, we used the
ability of inertia regularisation to influence the vertical stretch
of the derived models. We created ten versions of each model,
with both positive and negative regularisations, creating flatter
and rounder shapes that would still fit the light curves at a simi-
lar level to the nominal solution, and at the same time remaining
physical (rotating around the shortest axis) and realistic (e.g. not
being extremely thin). Models fitting the light curves within 10%
RMS of the best-fit solution are accepted following Kaasalainen
et al. (2001). With tens of light curves and thousands of photo-
metric points, the 10% increase in RMS is really an extreme limit
and is the upper boundary for ‘acceptable’ models, as shown
by the example in Fig. 2. The upper model is the nominal one,
without inertia regularisation, while the bottom one was created
with a relatively high level of regularisation. The other model
fitted the light curves within 7% of the best solution (RMS of
0.0117 vs. 0.0110 for the best fit) and is already unrealistically
flattened. Another approach relates the y? limit to the number
of data points (see e.g. Hanus et al. 2021; Durech et al. 2022,
Appendix A).

Those variations of each model have been fitted to occul-
tations as well, resulting in a pool of plausible sizes. This also
revealed the shape versions fitting the occultations with substan-
tially higher RMS, or not fitting some chords at all. In some
cases, this strengthened the case for a preference for one of
two pole solutions, where all the versions of shape for one pole
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Table 1. Spin parameters and sizes of asteroid models obtained in this work.

Asteroid Pole P Observing span ~ Nyppp N D D RMS
A,(%) Bo(®) (h) (yn) (km) (km)

(70) Panopaea 42+ 5 +27+3 15.80440 + 0.00002 1980-2019 7 122 128+ 7 7
240+ 6 +26+4 15.80439 + 0.00001 128:’?1 7
(275) Sapientia 85+11 -10+18 14.93045 + 0.00005 1998-2018 7 38 98f?1 6
264 + 4 -1+20 14.93045 + 0.00005 103f$ 6
(275) Sapientia (ADAM) 82«8 -11x17 14.93044 + 0.00005 1998-2018 7 38 100+ 1 -
260 =7 -2+20 14.93044 + 0.00005 100+1 -
(286) Iclea 31+5 +13+4 15.36120 = 0.00004 2002-2019 9 52 86:’.‘,3 2
196 + 5 +44 +7 15.36114 + 0.0007 69i?2 3
(326) Tamara 79+1  -3+3  14.46130 + 0.0005 1981-2019 9 6 77, 5
242 + 1 -36+3 14.46136 + 0.0004 81+9 9
(412) Elisabetha 3+20 +17+7 19.65610 + 0.00003 1990-2021 7 77 119+9 9
191 +23 +52+8 19.65618 + 0.00004 97Jj4 4
(426) Hippo 62+55 -49+20 67.5038 = 0.0005 1993-2021 7 103 129:’3;" 6
223 +80 -89+17 67.5041 = 0.0005 122 +4 4
(439) Ohio 308+50 —-61+7 37.46726 = 0.00005 1984-2022 10 66 74f§ 2
(464) Megaira 47 £2 +16+5 12.878572 + 0.000002 1979-2020 9 85 76fg 3
236 +5 +38+10 12.878572 + 0.000002 76:’%] 2
(464) Megaira (ADAM) 45+ 3 +13+5 12.878573 +0.000001 1979-2020 9 85 75+1 -
234 +4  +34+14 12.878573 +0.000001 79+1 -
(476) Hedwig 49 + 4 +60 + 7 27.2403 = 0.0006 1982 - 2018 6 58 116f?6 6
218 +4 +36+4 27.2404 = 0.0005 122 +10 10
(524) Fidelio 52 +£50 +76 £+ 6  14.171031 + 0.000005 2005-2019 6 31 66+5 5
186 +25 +54+10 14.171042 = 0.000005 67+3 3
(530) Turandot 42 +3 +28 +5 19.95240 + 0.00009 1986-2019 8 62 89+ 11 11
226+9 +54+10 19.95231 + 0.000009 89+6 6
(530) Turandot (ADAM) 39+6 +31 11 19.95239 + 0.00009 1986-2019 8 62 89+2 -
223+9 +60+9 19.95232 + 0.000009 89+2 -
(551) Ortrud 149 +35 -63+9 17.41924 + 0.00003 20062021 7 88 85+11 11
305+30 —-66+8 17.41921 + 0.00002 86+ 10 10
(566) Stereoskopia 164 + 15 -2+2 12.08466 + 0.00006 1990-2022 6 35 148 + 8 8
338 +9 —-13+2 12.08463 + 0.00003 148 = 11 11
(657) Gunlod 127+25 +61+6 15.92872 + 0.00003 1984-2022 6 47 37+3 3
252+50 +51+20 15.92870 + 0.00004 1984-2022 6 47 39f% 1
(738) Alagasta 67 +7 475 17.8888 + 0.0005 2015-2020 5 41 56+6 6
246 + 10 —41+8 17.8889 + 0.0006 54+4 4
(806) Gyldenia 34 +12 +39+2 16.85695 + 0.00003 2010-2021 8 63 57+8 8
235+15 +42+5 16.85699 + 0.00007 55+4 4

Notes. The columns contain asteroid name, J2000 ecliptic coordinates A,,, 8, of the spin axis solution, and the sidereal rotation period P, with
the mirror pole solution in the second row. The following columns provide the main characteristics of the light-curve dataset (same for both pole
solutions): observing span in calendar years, number of apparitions (N,p,) and number of light curves (N,..) The last two columns give volume-
equivalent diameter D and its RMS residual from the stellar occultation fitting. Boldface highlights the solution preferred by means of occultation
fits. See Sect. 4 for the discussion on diameter uncertainties.

resulted in a similar value for the size and a consistently small The key point here was to check whether the range of sizes
RMS of the fit, while for the other pole the sizes varied substan-  derived in this way would be higher or smaller than the nom-
tially, and the RMS was high. Such cases are described in more  inal RMS of the occultation fit, which is mainly governed by
detail in the following section. the occultation timing uncertainties. When it was higher, it
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Fig. 2. Two versions of shape model 2 for (412) Elisabetha. The high-regularisation model (bottom) still fits the light curves on formally acceptable

level, but is unrealistically flat. See Sect. 4 for discussion.

replaced the nominal RMS value as a measure of diameter uncer-
tainty in Table 1. However, when the range of sizes was smaller
than the RMS of the fit, this meant that the uncertainty here
was dominated by the occultation timing errors or the convex
approximation of the shape.

5. Results

We used the rich datasets of dense light curves from our cam-
paign (see Figs. C.1-C.77) for spin and shape modelling with
the classical light-curve inversion method — or its slight varia-
tion with shape regularisation — in order to make non-physical
models rotate in a physical manner around the axis of largest
inertia (see Sect. 3). Table 1 summarises the spin parameters and
diameters determined in this work. The fit of the shape mod-
els to occultation chords can be seen in Figs. 3—-A.17. A good
fit has manifold benefits: primarily it serves to scale the mod-
els in kilometers, but it also verifies the shape features, and
often clearly points to the solution that must be close to the
real one, making its mirror counterpart less probable. We should
note that the asteroid sizes determined here are diameters of
volume-equivalent spheres, while sizes determined from infrared
measurements are for surface-equivalent spheres. In any case,
the difference between the two diameters for the same shape
model is at the level of 5% or less, which is smaller than the
uncertainty on the models themselves, especially with NEATM
spherical shape approximation. It is therefore justified to directly
compare sizes determined with the two methods, without any
scaling factors.

In parallel, in a few justified cases (275 Sapientia,
464 Megaira, 530 Turandot) where the occultation results
suggest the presence of non-convex shape features, we addition-
ally used the all-data asteroid modelling (ADAM, Viikinkoski
et al. 2015) method for shape reconstruction. This technique
uses both light curves and occultation timings as input data
in a single optimisation process. The results are presented in
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Figs. 5, A.1, A.8, and A.12 and in Table 1. They can be compared
with the respective shape models constructed with traditional
convex inversion without occultations; and fitted to occulta-
tions later (Figs. 4, A.7, and A.11). The determined sizes and
spin parameters are consistent between the two methods, while
ADAM shapes show a slightly better fit to the occultations, as
expected. The size uncertainties for ADAM shape models pre-
sented in Table 1 come from the scatter of solutions and are
clearly underestimated.

For each model, Table 1 presents the spin axis ecliptic coor-
dinates, with the sidereal period of rotation, together with the
uncertainties on each parameter. The table also contains details
of the light-curve datasets, and the volume-equivalent diameters
with uncertainties based on the deviation of the shape model sil-
houettes from the occultation chord ends, or on the scatter of
sizes for various versions of the same shape, whichever source
dominated the error budget. The preferred pole solutions after
occultation fitting are marked in boldface. In Figs. 3—-A.17, lesser
preferred solutions are marked with dashed magenta contours,
and the solid blue contours mark the preferred solutions. In the
case of only slightly preferred solutions, both contours are solid
lines, but the preferred solution is still shown in blue. In some
cases, the preference seems to be based on single chords, but
it is the duration rather than the chord absolute position that is
the deciding factor in such cases The duration of the occulta-
tion events is usually recorded correctly, while the gross timing
error might shift the whole chord, but does not change its length.
There are of course exceptions to this rule; see the discussion on
(275) Sapientia in Sect. 5. In the cases with no preference for the
spin solution, both coloured contours are again solid; see the text
and figure captions for details.

Additionally, Table 2 contains the range of previously deter-
mined sizes, with the source references. Please note the diversity
of the literature diameters, differing by 50% for some targets
between different works. Below we describe all targets in more
detail.
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Table 2. Previously published diameters for the asteroids studied here.

Asteroid Dmin Dmin Dmax Dmax

(km) reference (km) reference
(70) Panopaea 105.17+£2.797  Ryan & Woodward (2010)  162.63 + 1.280 Masiero et al. (2012)
(275) Sapientia 89.05 +£25.310 Masiero et al. (2020) 124.59 + 35.830 Masiero et al. (2021)
(286) Iclea 81.31 +£2.762 Ryan & Woodward (2010)  125.20 +40.850 Masiero et al. (2021)
(326) Tamara 63.30 +14.530 Masiero et al. (2021) 116.98 +36.530 Masiero et al. (2021)
(412) Elisabetha 76.38 +2.114  Ryan & Woodward (2010)  111.12 +£22.220 Ali-Lagoa et al. (2018)
(426) Hippo 107.33 +4.405 Ryan & Woodward (2010) 137.56 + 1.080 Masiero et al. (2012)
(439) Ohio 69.53+2.060 Ryan & Woodward (2010) 86.86 +0.750 Masiero et al. (2012)
(464) Megaira 56.93 +15.508 Masiero et al. (2017) 91.81 +31.750 Masiero et al. (2021)
(476) Hedwig 106.15 +£27.050 Nugent et al. (2016) 138.49 +0.970 Masiero et al. (2012)
(524) Fidelio 61.71 +£26.030 Nugent et al. (2016) 83.26+4.093  Ryan & Woodward (2010)
(530) Turandot 75.88 +£19.520 Masiero et al. (2021) 89.50 + 17.900 Ali-Lagoa et al. (2018)
(551) Ortrud 65.91 + 14.860 Nugent et al. (2016) 86.04 £4.731 Ryan & Woodward (2010)
(566) Stereoskopia  134.00 + 6.627 Masiero et al. (2011) 190.08 £ 7909  Ryan & Woodward (2010)
(657) Gunlod 31.44 +£8.570 Masiero et al. (2020) 46.59 + 3.149 Ryan & Woodward (2010)
(738) Alagasta 55.36+1.867  Ryan & Woodward (2010)  77.94 +24.740 Nugent et al. (2016)
(806) Gyldenia 56.43+£3.098 Ryan & Woodward (2010) 83.10 £ 0.740 Masiero et al. (2012)

Notes. Minimum and maximum diameters are given with their uncertainties and references. For the full list, see the MP3C database.

5.1. (70) Panopaea

Our result for the spin and shape of Panopaea (see Table 1)
closely agrees with the one recently published by Hanu$
et al. (2021). Three multi-chord occultations were available for
Panopaea, one of them with a particularly rich set of 13 pos-
itive chords (see Fig. 3). However, many of these were visual
observations, and the chords had unrealistically small error bars.
All errors have been changed here to 0.05 s for photoelectric and
video observations, and to 0.5s for visual observations. Both
shape solutions are consistent with the occultations, resulting
in a size determination of 128 km with very small uncer-
tainty of a few percent (Table 1). Previous literature diameter
determinations for Panopaea varied widely from 105 km to
163 km (Table 2), and were mostly based on the NEATM
model (Harris 1998), which approximates the body shape with
a sphere.

5.2. (275) Sapientia

There were seven pre-existing occultation observations for this
target (one with 16 chords), and our Neglected Asteroids
campaign adds another two events. From the full set of nine
events, four chords had to be removed because of their clear
inconsistency with the remaining ones: there must have been
large errors on either the duration or the absolute timing. The
fitting to occultations clearly points at pole 2 as the preferred
solution (Table 1), which is especially evident from the fit to
occultations from years 2015, 2020, and 2021 (see Fig. 4). The
size is determined with high accuracy (7%).

With such a rich set of occultations, and some of them sug-
gesting non-convex shape features, the ADAM method was also
applied. The resulting shape for pole 2 shows a slightly better fit
to all occultations simultaneously (see Figs. 5 and A.1), but the
fit is still not perfect. In particular, the four-chord event from the
year 2018 cannot be fittted by any of the models, even though
here we allow the occultations to influence the shape. The north-
ernmost chord probably has an underestimated duration (this
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event is actually annotated ‘short low drop event in noisy record-
ing’) or it points to some small shape feature below the resolution
of the ADAM shape reconstruction procedure. The size of Sapi-
entia found with the ADAM method (100 km) is consistent with
that described above, and the scatter of possible sizes shrank to a
mere 1%. Previous size determinations for Sapientia were some-
what less discrepant than for Panopaea, ranging from 89 to 124
km (Table 2).

5.3. (286) Iclea

Although the fit to the only available three-chord occultation for
Iclea only slightly favours the pole 1 solution (see Fig. A.2), the
sizes from the fitting for both solutions are clearly discrepant:
the size for pole 2 solution is much smaller than the size for the
pole 1 solution (69 vs. 86 km), and is also inconsistent with all
the previous sizes determined using infrared data (81-125 km,
see Table 2). Also, pole 1 spin parameters are confirmed by the
results of Durech et al. (2020); this is the only solution for the
pole of Iclea. Considering all of the above, we think that our
solution for pole 2 (Table 1) can be safely rejected.

5.4. (326) Tamara

There exists an extremely wide range of literature diameters for
Tamara (see Table 2): from 63 km to as much as 117 km, an
almost two-fold difference. This might be due to the relatively
unusual orbit of Tamara given that it is a main-belt asteroid, with
an eccentricity of 0.19, and an inclination of 23°. As a conse-
quence, thermal measurements of Tamara must have been taken
at substantially varied heliocentric distances, complicating ther-
mal analysis. Our result, being independent of thermal aspects,
resolves these inconsistencies, pinpointing the diameter of this
body to 77t?o km. The first pole solution is preferred based on
the quality of the occultation fit (Fig. A.3), with the RMS being
almost twice as low as in any version of model 2. Also, the spin
solution found here is in good agreement with that from Hanus
et al. (2021).
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Fig. 5. (275) Sapientia, ADAM solution pole 1, shown with occultation chords used to construct the model. Occultation events are the same as in

Fig. 4.

5.5. (412) Elisabetha

The model 2 solution for Elisabetha is a much better fit to the
occultations than any version of model 1 (compare the events
from years 2011 and 2016 between the two poles in Fig. A.4),
and therefore model 2 is our preferred solution (Table 1). Our
size determination (971’? 4 km) confirms previous determinations
(76—112 km), which tended towards larger values (see Table 2,
and MP3C database).

5.6. (426) Hippo

For Hippo we obtained two pole solutions from light-curve inver-
sion; however, the second pole (see Table 1) was at the verge of
rejection on the basis of the RMS fit to the light curves, which
was almost 10% higher than for the first pole. See Sect. 4 for
a discussion of this threshold. Our spin solutions roughly agree
with those published by Hanug et al. (2021) and Durech et al.
(2019), in terms of pole latitude and period but disagree with the
pole longitude for model 2 presented by these authors.

We decided to fit both shape solutions to the rich set of
occultations; see Fig. A.5. Surprisingly, it is the shape connected
to pole solution 2 (blue contour in Fig. A.5) that fits most of
the occultations better than solution 2, especially the richest
one from 27 December 2021. We therefore consider the pole 1
solution to be lesser probable (dashed magenta contour), even
though it provided a formally better fit to light curves. The size

determined here (122 +4 km) is close to the middle of the size
range found in the literature (Table 2).

5.7, (439) Ohio

Our research into the asteroid Ohio is a success in multiple ways.
First, we have been able to correct a previously accepted rota-
tion period, identifying a period of around 37.46 h as the correct
one (Marciniak et al. 2015), instead of 19.2h which persisted
for decades in the asteroid Light-Curve Database (Warner et al.
2009). Later, after gathering sufficient light-curve data over mul-
tiple apparitions, we managed to obtain its physically rotating
model, which was possible thanks to regularisation added to
light-curve inversion routines. There was only a single pole solu-
tion (Table 1) on the level of light-curve inversion, as the mirror
pole solution gave a much poorer fit to light curves. This is facil-
itated by a relatively high orbital inclination of 19° for Ohio. Our
spin solution is ~30° and ~50° away in spin axis latitude and lon-
gitude, respectively, from the pole 2 solution provided by Durech
et al. (2018).

Later, in March 2022, we coordinated observers around two
stellar occultation events (resulting in 6 and 9 positive chords,
including one grazing event observed by the first author), where
there were no previously recorded multi-chord events (i.e. con-
taining more than three positive chords). In the end, our shape
model was fitted to these occultations, presenting a very good-
quality fit (see Fig. A.6). Thanks to the quality of both the model
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and the occultation timings, the shape was precisely scaled with
small residual RMS. The only small discrepancies between the
model and the chords from the last occultation probably reveal
the shape resolution limits of a classical light-curve inversion.

5.8. (464) Megaira

The fit to occultations for Megaira is puzzling: Model 2 gives a
somewhat better fit than model 1 (Fig. A.7), but it always leaves
the southernmost chord outside the profile. Some variations of
the shape for model 1 can fit that chord, but they then lead to a
clearly poorer fit to the remaining chords. The situation is similar
when modelling this target with the ADAM algorithm (Fig. A.8).
In summary, model 2 is slightly preferred, but cannot fit all the
chords. Previously published sizes range from 57 to 92 km. Our
determination results in sizes of 75-79 km.

5.9. (476) Hedwig

Both pole solutions for Hedwig agree with those found by Hanu§
et al. (2021), but the pole 1 solution is clearly the preferred one
by the fit to almost all of the six occultations, especially to the
event from the year 2000 (see Fig. A.9). The diameter we deter-
mine (116f?6 km) is around the mean of the range of previous
determinations (106—138 km, Table 2.)

5.10. (524) Fidelio

Pole 2 (see Table 1) is preferred by occultations here (Fig. A.10).
This solution is also confirmed by the value for g, found by
Durech et al. (2020) and the full spin solution by Hanug et al.
(2021). The size determined here (67 + km) is closer to the lower
end of the range of literature sizes (62—83 km).

5.11. (530) Turandot

The occultation set for Turandot contained a few discrepant
chords, and so we had to remove four chords from the first
event in the year 2006, and completely leave out the second
three-chord event from that year due to strong mutual incon-
sistencies among the chords. The remaining set allowed us to
clearly identify one of two pole solutions as the preferred one
(see Fig. A.11), especially in the ADAM version of the model.
With the ADAM model for pole 2, the southernmost chord of the
2006 event is finally fitted, revealing a non-convex feature on the
shape (Fig. A.12). Both methods gave the same size for the two
models, of namely 89 km, while previous determinations were in
the narrow range from 76 to 89 km. Our spin latitude found with
the ADAM method is almost 30° away from the value found by
Hanus et al. (2021) using convex inversion.

5.12. (551) Ortrud

The occultation event for Ortrud from July 2021 contains prob-
lematic, mutually inconsistent chords (Fig. A.13). Because it is
hard to identify the erroneous chords, we keep them all for the
scaling. This results in larger RMS residuals for the diameter
(12%). Previous determinations ranged from 66 to 86 km (see
Table 2), while ours are around 85 km, confirming the upper
values.
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5.13. (566) Stereoskopia

One of the best covered occultations for Stereoskopia was
observed within our campaign (see the event from 2021 in
Fig. A.14). As the shape solutions tended to be non-physical and
unstable here, we used the regularisation, and tried a few ver-
sions of the shape model for each of the two pole solutions. We
adopted the one that gave the best fit to occultations. All the
shape fits for pole 1 were clearly superior to any shape fits for
pole 2. Still, no shape was able to fit all the chords from the
event in 2021. This might be due to insufficient information on
the shape contained in the light curves of this low-pole asteroid
(see very low |B,| values in Table 1). Some light curves were
obtained in pole-on geometries, and therefore showed hardly any
brightness variations.

There were large discrepancies in literature diameter deter-
minations for Stereoskopia, which range from 134 to 190 km.
The value found here (148 km) is consistent with lower of these
values, and in spite of the imperfect fit, has an RMS of only
5-7%.

5.14. (657) Gunlod

The values for both pole coordinates for Gunlod are roughly
consistent with the ones determined previously by Durech et al.
(2019), although the poles found here have notably higher (~20°)
values of B,, which are closer to the values found by Hanus et al.
(2021). The fit to the only multi-chord occultation by Gunlod
prefers pole 2 solution (see Fig. A.15), however that preference is
based on only one chord, and a smaller RMS value for the diam-
eter (Table 1). Literature size determinations for Gunlod range
from 31 to 46 km, while this work places its diameter in the
middle of this range (37-39 km).

5.15. (738) Alagasta

The fit to occultations shows that the solution for pole 2 of Ala-
gasta is slightly better, but still imperfect (Fig. A.16). Sizes from
the literature are from 55 to 78 km, while the size determined
here is 55 + 5 km, confirming the values at the lower end of this
range.

5.16. (806) Gyldenia

The spin solution for asteroid Gyldenia is within a few degrees
of that found by Durech et al. (2019). The pole 2 solution seems
to better fit the only available occultation (Fig. A.17), as also evi-
denced by the smaller RMS residual for the volume-equivalent
size determined in this way (Table 1). Still, this solution also fails
to fit the longest occultation chord. On the other hand, pole 1
has difficulty in fitting the short chord at the edge of the shape;
although the fitting of such small chords is problematic in gen-
eral. Previous diameter determinations range from 56 to 83 km
(Table 2), and the diameter presented here is 55-57 km, which is
consistent with the lowest of the published values.

6. Conclusions and future prospects

Our project and comprehensive approach has provided almost
50 high-quality scaled models (Marciniak et al. 2018, 2019,
2021) for poorly studied but large and ubiquitous asteroids,
including 16 presented here. Two observing campaigns — for light
curves and occultations — were carried out by a wide network of
collaborators and involved many amateur astronomers, bringing



Marciniak, A., et al.: A&A, 679, A60 (2023)

new people to the field. We are going to continue the occulta-
tion campaign, and to a lesser extent, also the one for time-series
photometry, as the latter is gradually being replaced by wide
ground-based and space-based sky surveys. As so many aster-
oids have poorly determined sizes, stellar occultations are the
best technique to reliably determine the sizes of a large num-
ber of targets from all groups, especially in the era of the Gaia
mission.

Our precise determinations of spins, shapes, and sizes for
many, previously largely omitted targets enrich and complement
the available sample of modelled asteroids' (Durech etal. 2010).
Our set includes asteroids belonging to a few asteroid families
that are believed to form in catastrophic disruptions of larger
parent bodies. Current theories of collisional evolution of the
Solar System predict a steady number of existing asteroid fam-
ilies throughout history, but observational evidence contradicts
this prediction (BroZ et al. 2013). The key to solving this incon-
sistency is to determine family ages by deciphering the drift rate
of family members from the centre. This can be done by studying
the V-shaped dependence of the inverse size 1/D on the proper
semimajor axis ap, (Vokrouhlicky et al. 2006). Among the many
potential applications, our improved size determinations and spin
properties can facilitate better predictions of the thermally driven
drift of the asteroids within their families.
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Appendix A: Additional figures

Fig. A.1: (275) Sapientia ADAM solution pole 2, shown with occultation chords used to construct the model. Occultation events are the same as in
Fig. 4.

(286) Iclea  2008/06/15

50 [

40f

30

& [km]

1 1 1 1 1 1
-40 -20 0 20 40 60
7 [km]

Fig. A.2: (286) Iclea model fit to occultation chords. Pole 2 (dashed contour) is rejected as inconsistent with all previous size determinations.
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Fig. A.3: (326) Tamara model fit to occultation chords. Pole 1 is preferred (solid contour).
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Fig. A.4: (412) Elisabetha model fit to occultation chords. Pole 2 is preferred (solid contour).
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Fig. A.5: (426) Hippo model fit to occultation chords. Pole 2 is preferred (solid contour).
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Fig. A.6: (439) Ohio model fit to occultation chords.
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Fig. A.7: (464) Megaira model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).
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Fig. A.8: (464) Megaira ADAM solution pole

Occultation events same as in Fig. A.7.

1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models.
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Fig. A.9: (476) Hedwig model fit to occultation chords. Pole 1 is preferred (solid contour).
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Fig. A.10: (524) Fidelio model fit to occultation chords. Pole 2 is preferred (blue contour).
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(530) Turandot model fit to occultation chords. Pole 2 is preferred (solid contour).
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Fig. A.12: (530) Turandot ADAM solution pole 1 (top row), pole 2 (bottom row), shown with occultation chords used to construct the models.
Occultation events same as in Fig. A.11.
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Fig. A.13: (551) Ortrud model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).
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Fig. A.14: (566) Stereoskopia model fit to occultation chords. Pole 1 is preferred (solid contour).
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Fig. A.15: (657) Gunlod model fit to occultation chords. Pole 2 is preferred (blue contour).
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and pole 1 (magenta).
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Fig. A.17: (806) Gyldenia model fit to occultation chords: pole 1 (blue), and pole 2 (magenta).

Appendix B: Observing campaign details

This section contains summarised details of all time-series
observations used for the modelling (Table B.1), and the list of
stellar occultation event observers and sites (Table B.2).
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Table B.1: Details of all photometric observations for light curves: observing dates, number of light curves, range of ecliptic longitudes of the target,
and sun-target-observer phase angles, observer name (or paper citation in case of published data), and the observing site. Some data come from
robotic telescopes, in which case there is no observer specified. For data from the TESS spacecraft, Nj. denotes the number of days of continuous
observations. CSSS stands for Center for Solar System Studies, CTIO - Cerro Tololo Interamerican Observatory, e-EyE - Entre Encinas y Estrellas,
ESO - European Southern Observatory, OASI - Observatério Astrondomico do Sertdo de Itaparica, ORM - Roque de los Muchachos Observatory,
OT - Observatorio del Teide, and SOAO - Sobaeksan Optical Astronomy Observatory.

Date Nic A Phase angle ~ Observer Site
[deg] [deg]
70 Panopaea
1980 08 20 - 1980 08 21 2 329 - 330 10 Harris & Young (1989) Mountain Observatory, CA, USA
1980 09 05 1 326 12 Schroll & Schober (1983) Table Mountain Observatory, CA, USA
2006 09 23 - 2006 12 24 22 48 - 63 3-20 - Super WASP
2014 09 11 - 2014 12 30 15 353-3 8-24 Marciniak et al. (2015) Montsec, Catalonia, Spain; Bisei Spaceguard Center, Japan
20151027 - 2015 12 18 16 103 - 108 7-19 Marciniak et al. (2016) Borowiec, Poland; Organ Mesa Observatory, NM, USA;
Montsec, Catalonia, Spain
2016 01 04 1 99 4 F. Pilcher Organ Mesa Observatory, NM, USA
2016 12 26 - 2017 01 30 10 181 - 184 16 - 19 T. Polakis, B. Skiff Tempe, AZ, USA
2017 01 27 - 2017 03 28 2 174 - 184 7-17 V. Kudak, V. Perig Derenivka, Ukraine
2017 03 26 1 175 6 A. Marciniak Borowiec, Poland
2018 06 26 - 2018 10 16 20 313-324 14 -25 B. Skiff Lowell Observatory, AZ, USA
2018 07 26 - 2018 08 17 24 317 - 321 10- 13 Pal et al. (2020) TESS spacecraft
2019 09 05 - 2019 10 16 3 84 -90 19-21 M. Dr6zdz Suhora, Poland
2019 09 17 1 87 21 E. Pakstiené Moleétai Astronomical Observatory, Lithuania
2019 09 26 - 2019 10 25 3 88-90 17 -21 W. Ogtoza Adiyaman, Turkey
2019 12 16 1 82 3 R. Szakits Piszkéstets, Hungary
275 Sapientia
1998 01 01 - 1998 01 03 2 82 7-8 Denchev (2000) Rozhen National Observatory, Bulgaria
2007 01 01 - 2007 01 10 5 56 14-17 Warner (2007) CSSS - Palmer Divide Station, CO USA
2013 04 23 1 249 14 F. Pilcher Organ Mesa Observatory, NM, USA
2014 07 25 - 2014 09 10 8 329 - 338 2-11 Pilcher (2015) Organ Mesa Observatory, NM, USA
2015 09 28 - 2015 11 20 5 40-49 3-13 Pilcher (2016) Organ Mesa Observatory, NM, USA
2016 12 4 - 2017 01 09 4 154 - 159 18-24 R. Hirsch, A. Marciniak, Butkiewicz - Bak Borowiec, Poland
2017 01 18 1 159 16 A. Marciniak CTIO, Chile
2017 01 25 - 2017 01 30 6 158 11-13 T. Polakis, B. Skiff Tempe, AZ, USA
2017 01 29 1 158 11 V. Kudak, V. Perig Derenivka, Ukraine
2018 05 15 1 289 9 M.-J. Kim, D.-H. Kim SOAO, South Korea
2018 05 17 - 2018 05 18 2 292 17 K. Kaminski Winer, AZ, USA
2018 05 26 1 287 4 S. Geier Kitt Peak Observatory, AZ, USA
2018 06 08 1 290 11 S. Geier ORM, La Palma, Spain
286 Iclea
2002 05 30 1 230 9 J. G. Bosch Collonges Observatory, France
2003 08 02 1 311 3 L. Bernasconi Observatoire des Engarouines, France
2007 04 13 - 2007 04 24 6 176 - 177 9-12 R. Hirsch, M. K. Kamiriska, K. Kamiriski, A. Marciniak, Borowiec, Poland
M. Poliriska
2007 04 17 1 177 10 P. Kankiewicz Kielce, Poland
2013 04 08 - 2013 05 19 6 201 6-13 M. Bronikowska, K. Sobkowiak, M. Murawiecka, Borowiec, Poland
R. Hirsch
2014 05 20 - 2014 08 12 7 272 - 285 13- 14 A. Marciniak, P. Trela, I. Konstanciak, R. Hirsch Borowiec, Poland
2014 05 24 1 285 13 K. Kaminski Winer, AZ, USA
2014 08 10 - 2014 08 17 4 272-273 14-15 - Montsec, Catalonia, Spain
2015 09 06 - 2015 10 03 8 353 -359 4-7 - Montsec, Catalonia, Spain
2016 11 13 - 2017 02 27 5 72 - 82 8-18 J. Horbowicz, M. Butkiewicz - Bak, A. Marciniak, Borowiec, Poland
R Hirsch
2017 01 07 1 74 11 S. Geier Kitt-Peak, AZ, USA
2017 01 22 1 73 14 R. Hirsch CTIO, Chile
2017 12 30 - 2018 04 19 3 145 - 159 13-16 A. Marciniak, K. Zukowski, J. Horbowicz Borowiec, Poland
2018 02 15 1 151 2 V. Kudak, V. Perig Derenivka. Ukraine
2019 04 18 - 2019 04 25 2 225 - 226 8-9 M. K. Kamiriska, M. Pawlowski Borowiec, Poland
2019 05 07 1 222 8 D.-H. Kim, M.-J. Kim SOAO, South Korea
2019 05 24 1 219 10 K. Kaminski Winer, AZ, USA
2019 06 01 - 2019 06 02 2 218 11 S. Fauvaud Le Bois de Bardon Observatory, France
326 Tamara
1981 09 20 - 1981 09 27 3 7-9 9-10 Harris et al. (1992) Table Mountain Observatory, CA, USA
1991 04 27 1 233 10 Hainaut-Rouelle et al. (1995) ESO, La Silla, Chile
2006 11 17 - 2006 12 22 10 32-37 7-19 - Super WASP
2009 05 07 - 2009 05 29 5 317 - 326 32 Higgins (2011) Hunters Hill Observatory, Australia
2012 04 19 - 2012 06 09 24 189 - 194 9-28 F. Kugel, J. Caron Observatoire de Dauban, France
2015 04 05 - 2015 04 09 2 121 - 122 23 V. Kudak, V. Perig Derenivka, Ukraine
2015 04 13 - 201505 16 3 122 - 131 23-24 W. Ogtoza Suhora, Poland
201504 29 - 201505 2 3 126 24 P. Kulczak Borowiec, Poland
2016 05 25 - 2016 10 30 6 287 - 315 22-31 S. Geier, A. Marciniak CTIO, Chile
2017 09 25 - 2017 12 18 8 76 - 87 10-22 - Montsec, Catalonia, Spain
2019 02 17 - 2019 05 02 2 197 - 198 17 - 20 V. Kudak, V. Perig Derenivka, Ukraine
2019 02 19 1 198 20 M. K. Kamiriska Borowiec, Poland
2019 02 19 1 198 20 S. Fauvaud, J. J. Rives, G. Biguet Pic du Midi Observatory, France
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Date Nie A Phase angle ~ Observer Site
[deg] [deg]
412 Elisabetha
1990 08 22 - 1990 08 29 6 328-329 5-6 Lagerkvist et al. (1992) ESO, La Silla, Chile
201205 10-201205 18 7 231-233 7 Stephens (2012) Rancho Cucamonga, CA USA
2016 02 25 - 2016 03 10 2 163-166 7 K. Kaminski Winer, AZ, USA
2016 034 -2016 04 3 4 158-164 7-14 V. Kudak, V. Perig Derenivka, Ukraine
2017 06 19 - 2017 07 17 7 271-277 2-8 F. Pilcher Organ Mesa Observatory, NM, USA
2018 09 4 - 2018 10 5 11 10-17 7-13 - Montsec, Catalonia, Spain
2018 104 - 2018 10 17 15 8-11 7-9 Pal et al. (2020) TESS spacecraft
2019 11 21 - 2020 04 17 3 105 - 111 13-21 W. Ogloza Adiyaman, Turkey
2020028 1 97 14 A. Marciniak Borowiec, Poland
2020 03 27 1 100 21 R. Szakits Piszkéstets, Hungary
2021 02 18 - 2021 02 20 3 217 20 D.-H. Kim, M.-J. Kim Mt. Lemmon, USA
2021 02 18 1 217 20 D.-H. Kim, M.-J. Kim SOAO, South Korea
2021 02 21 - 2021 04 23 5 210 - 217 8-20 W. Ogtoza Adiyaman, Turkey
2021 0223 1 217 20 W. Ogtoza Suhora, Poland
2021 02 25 1 218 19 V. Kudak, V. Perig Derenivka, Ukraine
2021 02 26 - 2021 04 24 5 210-218 8-19 A. Jones Maidenhead, UK
2021 03 10 1 218 17 S. Fauvaud, A. Bruno Pic du Midi, France
2021 04 19 - 2021 04 21 3 211-212 8 Polakis (2021a) Tempe, AZ USA
426 Hippo
1993 02 15 1 126 8 Mohamed et al. (1995) Astronomical Observatory, Kharkiv, Ukraine
2008 03 01 - 2008 04 11 7 155 - 163 6-17 J. Oey, D. Higgins Leura, Australia
2015 08 05 - 2015 10 27 7 349 -3 7-14 P. Kulczak, A. Marciniak, R. Hirsch, M. Butkiewicz - Borowiec, Poland
Bak
2015 09 08 - 2015 09 24 10 354 -358 6-7 - Montsec, Catalonia, Spain
2016 09 27 - 2016 11 29 4 80 - 83 9-19 R. Hirsch, J. Horbowicz Borowiec, Poland
2016 10 26 - 2016 12 28 11 73 -85 8-16 - Montsec, Catalonia, Spain
2016 12 26 - 2017 01 18 9 71-74 10-15 T. Polakis, B. Skiff Tempe, AZ, USA
2017 01 07 1 72 13 W. Ogtoza Suhora, Poland
2019 06 27 - 2019 07 17 15 289 - 293 4-7 Pil et al. (2020) TESS spacecraft
2020 07 23 - 2020 07 24 2 9 17 S. Fauvaud, F. Livet, J. J. Rives Pic de Chateau-Renard, France
2020 08 10 1 9 15 M. Zejmo Suhora, Poland
2020 08 20 - 2020 08 21 2 8-9 12-13 V. Kudak, V. Perig Derenivka, Ukraine
2020 08 28 - 2020 09 16 9 4-8 7-11 Pilcher et al. (2021) Organ Mesa Observatory, NM, USA
2020 09 20 - 2020 09 30 9 1-3 7 Polakis (2021b) Tempe, AZ, USA
2020 11 29 1 355 17 W. Ogtoza Adiyaman, Turkey
2021 09 07 1 86 20 A. Pil Piszkéstets, Hungary
2021 09 12 - 2021 10 31 7 87-93 17 - 20 E. Pakstiené, R. Urbonaviciute Molétai Astronomical Observatory, Lithuania
2021 10 01 - 2021 12 04 9 89-93 9-20 A. Popowicz Otivar, Spain
2021 10 30 - 2021 11 12 2 93 14-17 V. Kudak, V. Perig Derenivka, Ukraine
2021 12 03 - 2021 12 05 3 89 9 M. Zejmo e-Eye, Spain
439 Ohio
1984 03 02 - 1984 03 05 4 192 - 193 9-10 Lagerkvist et al. (1987) ESO, Chile
2014 08 21 - 2014 11 20 12 344 - 356 5-18 Marciniak et al. (2015) Borowiec, Poland; Montsec, Spain; Winer, AZ, USA
2015 11 30 - 2015 12 09 6 74 - 76 8 F. Pilcher Organ Mesa Observatory, NM, USA
2016 01 26 - 2016 01 27 2 67 17 K. Kaminski Winer, AZ, USA
2017 03 09 1 166 5 A. Marciniak CTIO, Chile
2017 03 14 - 2017 03 20 3 164 - 165 6-7 Montsec, Catalonia, Spain
2017 04 04 1 161 11 R. Hirsch Borowiec, Poland
2018 04 22 - 2018 05 24 10 236 - 242 5-16 K. Zukowski, R. Hirsch, J. Skrzypek, J. Horbowicz Borowiec, Poland
2018 05 31 - 2018 06 20 3 231-234 7-12 R. Szakdts, R. Konyves - T6th Piszkéstetd, Hungary
2019 07 30 - 2019 10 15 7 303 - 310 7-18 R. Szakdts, B. Ignécz, Piszkéstets, Hungary
2019 08 08 - 2019 09 06 2 303 - 308 8-13 - OAdM, Montsec, Catalonia, Spain
2019 09 14 1 302 14 J. Skrzypek Borowiec, Poland
2020 08 15 - 2020 09 12 4 32 13- 18 R. Szakits Piszkéstetd, Hungary
2020 09 18 - 2020 09 19 2 31 11 W. Ogtoza Suhora, Poland
2020 09 21 1 31 10 A. Marciniak Borowiec, Poland
2020 09 24 - 2020 10 23 3 25-31 2-9 W. Ogtoza Adiyaman, Turkey
2020 10 10 1 28 4 A. Jones Maidenhead, UK
2021 1201 1 125 17 M. Zejmo e-Eye, Spain
202201 10 1 119 9 M. Komraus, L. Roginski, K. Szyszka, S. Zywica Piwnice, Poland
2022 03 27 1 112 19 K. Kaminski Winer, AZ, USA
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Date Nie A Phase angle Observer Site
[deg] [deg]
464 Megaira
1979 10 28 1 29 8 Harris & Young (1989) Table Mountain Observatory, USA
2007 09 11 - 2007 09 23 8 1-3 8-10 J. Oey Australia
2010 04 02 - 2010 07 01 24 182 - 189 4-18 Waszczak et al. (2015) Mt. Palomar, CA, USA
2014 02 18 1 145 3 J. Horbowicz Borowiec, Poland
2015 04 22 - 2015 05 24 3 203 - 208 4-11 P. Kulczak, A. Marciniak Borowiec, Poland
2015 05 20 1 204 10 M. Zejmo Adiyaman, Turkey
2015 06 02 - 2015 06 16 5 201-202 14-17 K. Kaminski Winer, AZ, USA
2015 06 17 1 201 17 - Montsec, Catalonia, Spain
2016 04 27 1 299 22 S. Geier ORM, La Palma, Spain
2016 05 24 - 2016 07 27 2 296 - 303 4-20 A. Marciniak OT, Tenefie, Spain
2016 06 14 1 304 15 K. Kaminski Winer, AZ, USA
2016 07 01 - 2016 07 16 5 299 - 302 3-9 - Montsec, Catalonia, Spain
2016 08 26 1 291 16 A. Marciniak CTIO, Chile
2017 09 17 - 2017 09 23 7 91-93 24 T. Polakis, B. Skiff Tempe, AZ, USA
2017 10 18 1 97 22 J. Skrzypek Borowiec, Poland
2017 10 28 - 2017 11 15 6 97 - 98 15-20 - Montsec, Catalonia, Spain
2018 1209 - 2019 01 11 2 171 - 173 15-17 R. Szakits Piszkéstetd, Hungary
2019 01 05 1 173 16 R. Duffard, N. Morales La Sagra, Spain
2019 02 17 - 2019 04 18 2 159 - 170 7-13 J. Skrzypek, M. Pawtowski Borowiec, Poland
2019 02 28 - 2019 03 25 7 162 - 167 4-7 Pilcher (2019) Organ Mesa Observatory, NM, USA
2019 03 12 1 165 4 E. Pakstiené Molétai Astronomical Observatory, Lithuania
2020 03 22 1 238 15 M.-J. Kim, D.-H. Kim SOAO, South Korea
2020 04 02 - 2020 04 29 2 233 -237 6-13 R. Szakits Piszkéstetd, Hungary
2020 04 17 - 2020 05 14 2 230 - 235 4-9 W. Ogtoza Adiyaman, Turkey
476 Hedwig
1982 03 27 - 1982 04 01 6 223 13-14 Schober & Schroll (1985) -
2013 08 07 - 2013 12 27 12 321 -336 5-22 K. Sobkowiak, A. Marciniak, R. Hirsch, D. Oszkiewicz Borowiec, Poland
2014 09 17 1 77 21 P. Kankiewicz Kielce, Poland
2014 10 05 - 2015 02 19 7 65-79 4-20 R. Hirsch, J. Horbowicz, M. Polifiska, A. Marciniak Borowiec, Poland
2014 10 18 - 2014 10 19 2 79 17 K. Kaminski Winer, AZ, USA
2016 01 13 - 2016 03 27 7 157 - 169 10-17 - Montsec, Catalonia, Spain
2016 01 20 - 2016 01 25 4 169 14-16 K. Kaminski Winer, AZ, USA
2017 05 25 - 2017 06 03 2 285 - 286 13-16 K. Kaminski Winer, AZ, USA
2017 06 19 - 2017 07 12 4 278 - 283 1-6 E. Jehin TRAPPIST-S
2017 07 24 1 275 11 - Montsec, Catalonia, Spain
2017 08 06 1 274 16 S. Geier OT, Tenerife, Spain
2017 10 02 1 280 24 S. Geier Kitt Peak, AZ, USA
2018 09 11 2 48 18-19 S. Fauvaud Le Bois de Bardon Observatory, France
2018 09 09 - 2018 10 31 6 42 -48 6-20 J. Skrzypek, R. Hirsch, A. Marciniak, M. K. Kamiriska Borowiec Observatory, Poland
2018 10 04 - 2018 10 04 2 47 13-14 S. Fauvaud, J. Michelet, F. Richard Pic du Midi Observatory, France
524 Fidelio
2005 1025 -2005 11 02 5 78 -79 16 - 19 Koff (2006) Antelope Hills Observatory, CO, USA
2013 09 30 - 2013 10 30 5 348 - 351 10 - 20 D. Oszkiewicz, R. Hirsch, A. Marciniak Borowiec, Poland
2014 11 24 - 2015 04 21 4 126 - 137 7-23 A. Marciniak, K. Sobkowiak, J. Horbowicz Borowiec, Poland
201502 17 1 127 8 V. Kudak, V. Perig Derenivka, Ukraine
2015 02 18 - 2015 02 20 2 127 9 S. Fauvaud, C. Durandet, F. Livet, J. J. Rives Pic du Midi Observatory, France
2016 04 26 - 2016 04 30 2 224 4-5 S. Geier ORM, La Palma, Spain
2016 05 10 - 2016 05 23 2 218 - 221 5-9 S. Geier, A. Marciniak OT, Tenerife, Spain
2017 08 03 1 314 2 S. Geier OT, Tenerife, Spain
2017 10 06 1 307 21 S. Geier ORM, La Palma, Spain
2017 10 31 1 311 23 A. Marciniak CTIO, Chile
2018 09 28 1 96 26 M. Drézdz Suhora, Poland
2018 10 06 1 98 25 S. Fauvaud, J. Michelet, F. Richard Pic du Midi Observatory, France
2018 10 17 - 2019 02 17 4 90 - 103 20-25 M. K. Kamifiska, R. Hirsch, M. Pawtowski, J. Krajewski Borowiec, Poland
2019 04 15 1 102 23 R. Szakits Piszkéstets, Hungary
530 Turandot
1986 07 12 - 1986 07 27 3 318 - 320 5-12 di Martino et al. (1995) ESO, La Silla, Chile
2002 04 19 - 2002 05 13 3 209 - 214 4-7 C. Demeautis Village-Neuf Observatory, France
2005 01 04 - 2005 02 03 6 62 12-17 P. Antonini Observatoire des Hauts Patys, France
2014 05 31 - 2014 06 30 16 265 - 271 3-8 Pilcher (2014) Organ Mesa Observatory, NM, USA
2014 06 10 - 2014 06 22 4 267 - 269 3-5 - Montsec, Catalonia, Spain
2015 09 20 - 2016 01 03 8 29 - 41 5-15 M. Butkiewicz - Bak, P. Kulczak, A. Marciniak, R. ~ Borowiec, Poland
Hirsch, K. Zukowski
2016 01 22 - 2016 02 03 4 33-36 19 K. Kaminski Winer, AZ, USA
2016 12 07 - 2016 12 11 4 114 9-10 S. Fauvaud, M. Fauvaud, F. Richard Pic du Midi Observatory, France
2016 12 09 1 114 9 S. Geier ORM, La Palma, Spain
2018 01 26 - 2018 03 018 3 153 - 162 6-9 K. Kaminski Winer, AZ, USA
2018 03 15 1 154 6 M. Drézdz Suhora, Poland
2019 06 02 1 217 14 V. Kudak, V. Perig Derenivka, Ukraine
2019 04 01 - 2019 04 14 4 211 -214 4-7 A. Marciniak, M. Pawtowski, K. Zukowski Borowiec, Poland
2019 04 02 1 214 7 E. Pakstiene Molétai Astronomical Observatory, Lithuania
2019 04 02 - 2019 04 04 2 213 - 214 6-7 W. Ogtoza Suhora, Poland
2019 05 09 1 206 7 M.-J. Kim, D.-H. Kim SOAO, South Korea
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Date Nie A Phase angle Observer Site
[deg] [deg]
551 Ortrud
2006 11 10 - 2006 12 08 8 46 - 51 1-11 - Super WASP
2015 06 30 1 302 7 A. Marciniak OT, Tenerife, Spain
201507 07 - 2015 09 13 8 291 - 301 1-16 - Montsec, Catalonia, Spain
2016 08 31 -2016 11 25 15 21-33 8-18 Marciniak et al. (2018) Borowiec, Poland; Organ Mesa, NM, USA; Tempe, AZ,
USA
2018 01 08 - 2018 04 17 4 136 - 147 5-19 R. Hirsch, J. Skrzypek, A. Marciniak Borowiec, Poland
2019 03 28 - 2019 04 29 10 224 - 229 2-12 - OAdM, Montsec, Catalonia, Spain
2019 04 10 1 227 8 D.-H. Kim, M.-J. Kim SOAOQ, South Korea
2020 05 23 -2020 05 25 2 297 14-15 K. Kaminski Winer, AZ, USA
2019 05 24 1 219 7 K. Kaminski Winer, AZ, USA
2020 07 17 - 2020 08 13 4 285 - 289 2-11 W. Ogtoza Adiyaman, Turkey
2021 08 21 - 2021 10 11 33 13-20 0-16 - TESS spacecraft
2021 12 06 1 8 19 M. Zejmo e-Eye, Spain
566 Stereoskopia
1990 02 24 - 1990 02 25 2 108 12 Binzel & Sauter (1992) McDonald Observatory, TX, USA
2006 10 24 - 2006 11 16 6 328 - 331 17-19 D. J. Higgins Australia
2017 09 12 - 2017 09 19 8 235 -236 14 -15 - Kepler Spacecraft
2019 09 04 - 2019 10 01 3 25-28 6-14 M. Dré6zdz Suhora, Poland
2019 09 23 - 2019 11 04 3 19-27 5-9 W. Ogtoza Adiyaman, Turkey
2020 01 23 -202001 23 1 24 19 V. Kudak, V. Perig Derenivka, Ukraine
2020 10 16 - 2021 01 10 4 106 - 113 1-18 W. Ogloza Adiyaman, Turkey
2020 11 04 1 113 17 A. Jones Maidenhead, UK
2022 02 27 - 2022 03 20 3 166 - 170 2-4 E. Pakstien¢, R. Urbonaviciaté Moleétai Astronomical Observatory, Lithuania
2022 03 01 -2022 03 12 2 168 - 170 2-3 J. Golonka, M. Motyliniski, K. Szyszka, B. Joachimczyk, Piwnice, Poland
A. Demirkol
2022 03 26 1 165 6 A. Jones Maidenhead, UK
2022 04 22 1 162 12 W. Ogtoza Adiyaman, Turkey
657 Gunlod
1984 02 09 1 121 8 Binzel (1987) McDonald Observatory. TX, USA
201507 03 1 323 14 A. Marciniak OT, Tenerife, Spain
2015 08 04 1 317 3 M. Zejmo Adiyaman, Turkey
2015 09 05 - 2015 09 13 4 310 - 311 11-14 - Montsec, Catalonia, Spain
2016 10 05 1 51 13 A. Marciniak ORM, La Palma, Spain
2016 10 07 - 2016 10 09 2 50 12 R. Szakdts Piszkéstetd, Hungary
2016 10 08 - 2016 10 10 2 50 12 R. Duffard, N. Morales La Sagra, Spain
2016 12 27 1 37 18 M.-J. Kim, D.-H. Kim SOAO, South Korea
2018 02 26 - 2018 04 21 5 153 - 160 5-22 K. Zukowski, J. Skrzypek Borowiec, Poland
2020 10 09 - 2021 02 04 2 26 - 27 6-19 R. Szakdts Piszkéstetd, Hungary
2020 10 21 1 23 6 K. Kaminski Winer, AZ, USA
2020 10 22 - 2020 10 27 3 22-23 6-7 W. Ogtoza Suhora, Poland
2020 10 24 1 23 6 W. Ogtoza Adiyaman, Turkey
2021 10 21 - 2021 11 28 16 126 - 135 22-23 - TESS spacecraft
2021 11 13 1 132 23 M. Drézdz Suhora, Poland
2021 12 13-202201 11 2 133 - 136 9-19 M. Zejmo e-EYE, Spain
2021 1229 1 135 14 E. Pakstien¢, R. Urbonaviciate Molétai Astronomical Observatory, Lithuania
2022 01 06 - 2022 01 07 2 134 10- 11 D.-H. Kim, M.-J. Kim SOAO, South Korea
738 Alagasta
2015 06 05 - 2015 06 09 2 244 - 245 3-5 - Montsec, Catalonia, Spain
2015 06 11 - 2015 07 04 7 241 - 244 6-13 W. Ogtoza, M. Winiarski Suhora, Poland
2015 07 20 1 240 17 M. Zejmo Adiyaman, Turkey
2016 09 06 - 2016 09 11 2 323-324 6-8 - Montsec, Catalonia, Spain
2016 09 20 - 2016 10 06 4 321-322 11-14 J. Licandro, A. Marciniak ORM, La Palma, Spain
2016 10 29 1 322 17 A. Marciniak CTIO, Chile
2017 10 15 - 2017 12 09 9 36 - 47 3-12 - Montsec, Catalonia, Spain
2018 12 05 - 2019 02 24 2 120 - 132 12-17 K. Zukowski, M. Pawtowski Borowiec, Poland
2019 01 05 - 2019 02 11 4 122-129 6-8 M.-J. Kim, D.-H. Kim SOAO, South Korea
2019 01 10 1 128 6 V. Kudak, V. Perig Derenivka, Ukraine
2020 03 16 - 2020 04 23 4 221 - 226 3-15 R. Szakdts Piszkéstets, Hungary
2020 04 18 - 2020 06 13 4 214 -222 3-15 W. Ogtoza Adiyaman, Turkey
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Date Nic A Phase angle Observer Site
[deg] [deg]

806 Gyldenia
2010 07 25 - 2010 12 08 9 38-47 4-18 Waszczak et al. (2015) Mt. Palomar, CA, USA
2013 03 05 - 2013 05 08 9 210 - 211 2-15 Marciniak et al. (2015) Borowiec, Poland; Organ Mesa Observatory, NM, USA
2013 04 07 - 2013 04 18 9 212 - 214 2-6 Alkema (2013) -

2015 06 28 1 0 17 A. Marciniak OT, Tenerife, Spain
2015 09 11 - 2015 11 01 5 348 - 356 5-13 - Montsec, Catalonia, Spain

2015 11 12 1 348 15 R. Duffard, N. Morales La Sagra, Spain

2016 10 04 1 67 15 A. Marciniak ORM, La Palma, Spain
2016 10 07 - 2016 10 09 3 67 14 R. Szakdts Piszkéstetd, Hungary
2016 10 11 - 2016 10 30 3 65 - 67 8-13 R. Duffard, N. Morales LaSagra, Spain

2016 10 29 1 65 8 A. Marciniak CTIO, Chile

2018 02 13 1 143 7 M.-J. Kim, D.-H. Kim SOAO, South Korea
2018 02 13 -2018 03 19 4 138 - 143 7-14 J. Skrzypek, R. Hirsch Borowiec, Poland

2018 03 17 1 138 13 K. Kamiriski Winer, AZ, USA
2019 04 30 - 2019 05 21 4 230 - 234 3-5 K. Kamiriski Winer, AZ, USA
2019 05 06 - 2019 05 07 2 233 2 D.-H. Kim, M.-J. Kim SOAO, South Korea
202009 17 - 2020 09 20 5 299 14-15 F. Monteiro, W. Mesquita, W. Pereira, M. Evangelista, E. OASI, Itacuruba, Brasil

Rondén, J. Michimani, D. Lazzaro, T. Rodrigues

2021 09 08 - 2021 11 25 4 4-15 8-15 M. Drézdz Suhora, Poland
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(70) Panopaea, 2006-12-14

S. Herchak
B. Roberts
B. Richardson
J. Barton
R. Nugent
D. Craig Smith
M. McCants
D. Dunham
W. Aulenbacher
D. Nye
P. Maley
D. Rask
D. Clark
K. Drake
P. Nolan
A. Sanchez-Ibarra
B. Cudnik
R. Frakenberger

(275) Sapientia, 2015-09-30

(70) Panopaea, 2014-10-04

J. Broughton
G. Bolt

(70) Panopaea, 2014-04-25

A. Olsen
P. Maley
J. Moore

(275) Sapientia, 1985-04-15

A. Olsen
P. Maley
J. Moore

(275) Sapientia, 2003-02-08

R. Venable
D. Rowley

(275) Sapientia, 2003-04-12

J. Nosaka
M. Uchiyama

1. Yamanihi, Naoko Kaifu et al

M. Yamanishi

Jp

Mesa, AZ C. Hills GB
Shady Grove, MS S. Clarke GB
Hewitt, TX J. Warell SE
Robinson, TX C. Hooker GB
Centerville, TX S. Kidd GB
Ozona, TX T. Haymes GB
Oakalla, TX A. Jones GB
McComb, MS M. Charron GB
L. Bunshannon, TX D. Arditti GB
Marfa, TX H. Paulus DE
Madisonville, TX T. Law GB
Huntsville, TX H. Denzau DE
Providence, TX P. Denyer GB
Willis, TX P. Carson GB
Mountain Home, TX M. Jennings GB
Sonora, MX E. Edens NL
ganoumon. 12 (275) Sapientia, 2016-12-03
0. Klos DE
V. Piiban CZ
K. Hali¥ CZ
Eagleby, AU M. Rottenborn CzZ
Perth, AUS J. Polak Cz
(275) Sapientia, 2018-08-06
G. Vaudescal, A. Cazaux FR
Urbana, IL P. Lindner DE
Marana, AZ C. Schnabel ES
Blackwell, OK B. Kattentidt DE
G. Dangl AT
J. Poldk CZ
(275) Sapientia, 2020-11-14
Urbana, IL
Marana, AZ G. Vaudescal FR
Blackwell, OK E. Frappa, A. Klotz FR
M. Conjat FR
A. Manna CH
S. Sposetti CH
Pelham, USA G. Casalnuovo IT
North Henderson, NC A. Kreutzer', R Schafer AT
M. Billiani FR
(275) Sapientia, 2021-04-26
—ai T. George Scottsdale, AZ
Ma(s)ti;iss. e?lll\l/[rianj% P P. Stuart Clear Lake Shores, TX
’ S. Brazill Georgetown, TX

Yuasa: Wakayama, JP

(275) Sapientia, 2014-09-02

(286) Iclea, 2008-06-15

J. Rovira
J. Juan
E. Frappa, A. Klotz
C. Perello, A. Selva
P. Baruffetti
M. Bachini

D. Lowe Mt. Mee, AU
J. Bradshaw, A. Beck Samford, AU
ES P. Anderson The Gap, Qld, AU
ES D. Breadsell Toowoomba, AU
FR (326) Tamara, 2016-09-23
%S’ J. Broughton Reedy Creek, AU
IT J. Broughton Brunswick Heads, AU

J. Broughton

Table B.2: List of stellar occultation observers and locations of their

J. Broughton

Ballina, AU
Broadwater, AU

observing sites. Source: Occult programme.
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(426) Hippo, 2018-05-21
J. Broughton Tumbulgum, AU

(326) Tamara, 2017-09-15

D. Breit Morgan Hill, CA J. Broughton Brunswick Heads, AU
R. Nolthenius Paicine, CA J. Broughton Ballina, AU
J. Bardecker Gardnerville, NV (426) Hippo, 2021-12-27
(326) Tamara, 2017-12-28 H. Yoshihara Soja, Okayama, JP
H. De Groot NL M. Yamashita Ikeda, Osaka, JP
E. Conseil FR T. Goto Yamada Higashi, JP
T. Janik (074 M. Higuchi Shigokamachi, JP
R. Boninsegna BE M. Nishimura Kitakuzuhacho, JP
H. Kasebe Osaka, JP
(326) Tamara, 2018-05-12 A. Asai Kuwana, Mie, JP
B. Leonard Sherman, TX A. Hashimoto Chichibu, Saitama, JP
M. Smith Sherman, TX H. Watanabe, H. Watanabe Tsu, Mie, JP
K. Cobble Princeton, TX M. Ishida Tsu, Mie, JP
R. Aikawa Sakasdo, Saitama, JP
(326) Tamara, 2018-12-21 M. Ida Tsu, Mie, JP
A. Manna CH R. Kukita Nabekura, JP
S. Sposetti CH T. Horaguchi Tsukuba, JP
. K. Fukui Nagakunidai, JP
(412) Elisabetha, 2011-01-23 K. Kouno Miyazaki, JP
M. Ida Higashiomi, Shiga, JP K. Terakubo Kokubunji, Tokyo, JP
M. Ishida Koka, Shiga, JP K. Kitazaki Musashino, Tokyo, JP
A. Asai Inabe, Mie, JP S. Uchiyama Kashiwa, Chiba, JP
H. Watanabe et al Inabe, mie, JP T. Hirose Ohtaku, Tokyo, JP
M. Owada Hamamatsu, Shizuoka, JP M. Owada Hamamatsu, Shizuoka, JP
(412) Elisabetha, 2016-03-17 (426) Hippo, 2021-12-31
P. Delincak SK A. Selva ES
B. Gihrken DE J. Juan ES
M. Korec SK C. Schnabel ES
(412) Elisabetha, 2017-03-19 (426) Hippo, 2022-03-23
A. Ossola CH J. Manek CZ
A. Manna CH J. Kubanek (/4
. K. Halit CZ
(412) Elisabetha, 2019-12-04 M. Rottenborn C7
P. Baruffetti IT J. Polak (/4
S. Donati IT E. Kowald AT
(426) Hippo, 2012-01-13 B. Katentidt DE
D Ewald DE (439) Ohio, 2017-05-27
G. Wortmann, K. Walzel DE D. Gault Hawkesbury Heights, AU
W. Rothe DE T. Barry Penrith, AU
0. Canales, F. Campos ES D. Herald Murrumbateman:nsw, AU
E. Frappa, M. Lavayssiere FR J. Newman Flynn:act, AU
P. Lindner DE .
C. Schnabel, J. Juan ES (439) Ohio, 2022-03-11
J. Rovira ES P. Zeleny Ccz
A. Selva ES P. Delincak SK
. M. Urbanik SK
(426) Hippo, 2015-06-20 M. Zawilski PL
R. Baldridge Los Altos Hills, CA L. Benedyktowicz PL
T. Swift Davis, CA M. Borkowski PL
J. Bardecker Gardnerville, NV M. Filipek PL
C. McPartlin Santa Barbara, CA M. Harman SK
D. Blazewicz PL
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(439) Ohio, 2022-03-24

(476) Hedwig, 2019-02-12

O. Schreurs BE E. Frappa FR
B. Goffin BE M. Conjat FR
R. Boninsegna, P. Assoignon BE .
K. Guhl DE (476) Hedwig, 2020-05-19
O. Hofschulz DE P. Le Cam FR
S. Andersson DE E. Frappa FR
J. Delpau FR E. Frappa, A. Klotz FR
M. Borkowski PL L.
A Marciniak PL (524) Fidelio, 2005-12-11
. R. Gongalves PT
(464) Megaira, 2017-12-06 0. Canales, J. L. Marco ES
G. Lyzenga Altadena, CA R. Poncy FR
J. Moore Tulsa, OK P. Bernascolle FR
C. Ellington Edmond, OK .
P. Maley Congress, AZ (524) Fidelio, 2006-04-24
. H. Denzau DE
(464) Megaira, 2017-12-18 W. Rothe DE
H. Tomioka Hitachi, Ibaraki, JP T. Janik CZ
H. Watanabe Tarui, Gifu, JP V. Priban CzZ
S. Uchiyama Hamamatsu, Shizuoka, JP J. Vilagi, L. Kornos SK
A. Asai Inabe, Mie, JP G. Dangl AT
H. Watanabe Inabe, Mie, JP E. Frappa, A. Klotz Tarot, Calern, FR
M. Owada Hamamatsu, Shizuoka, JP J. Lecacheux FR
M. Ishida Moriyama, Shiga, JP L.
Y. Ikari Moriyama, Shiga, JP (524) Fidelio, 2018-12-12
T. Ito Suzuka, Mie, JP E. Frappa, A. Klotz Grasse, FR
H. Yamamura Tsu, Mie, JP R. Venable Lovejoy, GA
M. Ida Tsu, Mie, JP R. Venable Griffin, GA
. R. Venable Barnesville, GA
(476) Hedwig, 2000-11-07 V. Tsamis, A. Tserionis et al. Ellinogermaniki, GR
N. Quinn GB .
7. Moellmann DE (524) Fidelio, 2019-02-25
D. Ewald DE R. Reaves Parker, AZ
N. Wiinsche DE P. Maley Dateland, AZ
M. Dentel DE -
S. Andersson, M. Haupt DE (524) Fidelio, 2021-07-13
P. Enskonatus DE J. Newman Flynn, Act, AU
J. A. Berdejo ES W. Hanna Yass, Nswn AU
J. Grados ES (524) Fidelio, 2021-11-18
(476) Hedwig, 2017-02-24 R. Venable Chester, GA
B. Loader Nelson, NZL R. Venable Tarversvillle, GA
G. McKay Blenheim (530) Turandot, 2006-02-24
(476) Hedwig, 2018-07-26 S Jamieson Fagle, Wi
P. Delincak SK S. Ballaron Lake Villa, IL
J. Kubanek HU C. Bueter Gas City, IN
M. Jarmoc PL D. Drake Indian Head Park, IL
. D. Dunham Gaston, IN
(476) Hedwig, 2018-11-13 G. Samolyk Shirland, IL
C. Perell6, A. Selva ES B. Oldham Pelham, NC
C. Perell0, A. Selva ES D. Oesper Dodgeville, WI
J. Rovira ES S. Messner Harvest Moon Obs, MN
J. Rovira ES R. Huziak Saskatoon:sk, CAN
S. Meister CH P. Maley et al Cincinnati, OH
A. Ossola CH D. Dunham Fisher, IN
S. Sposetti CH J. Armor Villa Hilles, KY
J. Polak CZ M. Hoskinson Vilna Alberta, CAN
M. Rottenborn CZ G. Stone Lorborn:sk, CAN
C. Weber DE D. Carton Dark Sky Obs, CAN
C. Weber DE O. Piechowski Versailles, KY
D. Breit Martinez, CA
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(530) Turandot, 2019-04-01

(566) Stereoskopia, 2022-02-08

P. Maley Carefree, AZ P. Ceravolo Osoyoos, CAN
T. George Scottsdale, AZ V. Nikitin Boulder, CO
W. Thomas Florence, AZ S. Messner Jefferson, TX
(530) Turandot, 2020-07-27 M. Skrutskie Nederland, CO
S Presion Medina, WA (657) Gunlod, 2022-02-09
D. Gamble Summerland, BC J. J. Castellani FR
P. Baruffetti IT
(551) Ortrud, 2021-07-11 M. Conjat FR
A. Asai Inabe, Mie, JP M. Conjat FR
H. Yamamura Suzuka, Mie, JP G. Vaudescal FR
K. Isobe Uda, Mie, JP Y. Argentin FR
A. Hashimoto Chichibu, Saitama, JP P. Fini IT
M. Owada Hammatsu, Shizuoka, JP (738) Alagasta, 2017-11-12
(551) Ortrud, 2021-10-24 M. Kashiwagura Oe, Yamagata, JP
J. Barton Robinson, TX H. Togashi Oe, Yamagata, JP
D. Eisfeldt Waco, TX L. Otsuki Date, Fukushima, JP
(566) Stereoskopia, 2004-03-23 K. Hosoi Miharu, Fukushima, JP
A. Hashimoto Ono, Fukushima, JP
T. Janik Ccz H. Yamamura Hodatsushimizu, Ishikawa, JP
D. Naillon FR M. Ida Kahoku, Ishikawa, JP
H. McGee GB M. Ishida Kanazawa, Ishikawa, JP
A. Christou, D. Asher GB H. Tomioka Hitachi, Ibaraki, JP
J. Lecacheux FR A. Yaeza Hitachi, Ibaraki, JP
T. Midavaine, O. Dechambre et al FR A. Asai Inabe, Mie, JP
B. Christophe, J. M. Vugnon FR H. Watanabe Inabe, Mie, JP
L. Parmeggiani FR Y. Ikari Moriyama, Shiga, JP
G. Kirby GB
(738) Alagasta, 2020-05-30
(566) Stereoskopia, 2010-12-28 _
J. Bourgeois BE
H. Tomioka Hitachie, Ibaraki, JP F. Van Den Abbeel BE
R. Aikawa Sakado, Saitama, JP 0. Schreurs, E. Fernandez BE
K. Kitazaki Musashino, Tokyo, JP J. M. Winkel NL
M. Owada Hamamatsu, Shizuoka, JP J. Polak CZ
H. Watanabe Inabe, Mie, JP M. Rottenborn CZ
(566) Stereoskopia, 2020-09-13 J. Kubdnek cz
H. Watanabe Tarui: Gifu, JP (738) Alagasta, 2022-11-12
H. Yamamura Wanouchi: Gifu, JP K. Kitazaki Musashino, Tokyo, JP
A. Asai Inabe: Mie, JP Ha. Watanabe, Hi. Watanabe Tamaki, JP
(566) Stereoskopia, 2021-04-08 M. Owada Hamam'fltsu, Shizuoka, JP
H. Matsushita Shima, Mie, JP
R. Boninsegna BE N. Manago Kamitonda, Wakayama, JP
K. L. Bath DE .
S. Meister CH (806) Gyldenia, 2021-08-20
M. Simon DE W. Thomas Florence, AZ
W. Hasubick DE P. Maley Toltec, AZ
G. Krannich DE S. Messner Hudson, WI
B. Gihrken DE
B. Kattentidt DE
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Appendix C: Light curves

Composite light curves presenting new data for target asteroids
(Figures C.1 - C.77).
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Fig. C.1: Composite light curve of (70) Panopaea from the years 2016-  Fig. C.2: Composite light curve of (70) Panopaea from the year 2018.
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Fig. C.3: Composite light curve of (70) Panopaea from the year 2018

observed by TESS spacecraft.

275 Sapientia

Fig. C.4: Composite light curve of (70) Panopaea from the year 2019.
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Fig. C.6: Composite light curve of (275) Sapientia from the year 2018.
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Fig. C.33: Composite light curve of (439) Ohio from the year 2020.
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Fig. C.34: Composite light curve of (464) Megaira from the year 2015.
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Fig. C.36: Composite light curve of (464) Megaira from the year 2017.
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Fig. C.37: Composite light curve of (464) Megaira from the years Fig. C.38: Composite light curve of (464) Megaira from the year 2020.
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Fig. C.41: Composite light curve of (476) Hedwig from the year 2016.

Fig. C.42: Composite light curve of (476) Hedwig from the year 2017.
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Fig. C.43: Composite light curve of (476) Hedwig from the year 2018.

Fig. C.44: Composite light curve of (524) Fidelio from the year 2013.
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Fig. C.45: Composite light curve of (524) Fidelio from the years Fig. C.46: Composite light curve of (524) Fidelio from the year 2016.
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Fig. C.47: Composite light curve of (524) Fidelio from the year 2017.
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Fig. C.48: Composite light curve of (524) Fidelio from the years

2018-2019.
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Fig. C.53: Composite light curve of (551) Ortrud from the year 2015.
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Fig. C.54: Composite light curve of (551) Ortrud from the year 2018.
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Fig. C.55: Composite light curve of (551) Ortrud from the year 2019.

Fig. C.56: Composite light curve of (551) Ortrud from the year 2020.
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Fig. C.61: Composite light curve of (566) Stereoskopia from the year ~ Fig. C.62: Composite light curve of (657) Gunlod from the year 2015.
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2018-2019.
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Fig. C.68: Composite light curve of (738) Alagasta from the year 2015.
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