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of all D>100 km main-belt asteroids (~35 out of
~200 asteroids; our survey covers the major
compositional classes) at high angular-resolution

Abstract with  VLT/SPHERE throughout their rotation
(typically 6 epochs per target).

Here, we will present a summary of the results

The vast majority of the geological constraints (i.e., obtained after one year of observations.

internal structure via the density, cratering history)
for main belt asteroids have so far been obtained via
dedicated interplanetary missions (e.g., Rosetta,
DAWN). The high angular resolution of
SPHERE/ZIMPOL (one pixel represents 3.6 x 3.6
mas on sky), the new-generation visible adaptive-
optics camera at ESO/VLT, implies that such science
objective can now be investigated from the ground
for a large fraction of D>100 km main-belt asteroids
(most of these bodies possess an angular diameter
around opposition larger than 100 mas). The sharp
images acquired by this instrument can be used to
constrain accurately the shape and thus volume of
these bodies (hence density when combined with
mass estimates) and to characterize the distribution
and topography of D>30 km craters across their
surfaces.

To make substantial progress in our understanding of
the shape, internal compositional structure (i.e.,
density) and surface topography of large main belt
asteroids, we are carrying out an imaging survey via
an ESO Large program entirely performed in service
mode with seeing constraints <0.8” (152h in total; PI:
P. Vernazza; ID: 199.C-0074; the observations are
spread over 4 semesters from April Ist, 2017 till
March 30, 2019) of a statistically significant fraction
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1. Introduction

Large (D>100km) asteroids are the most direct rem-
nants of the building blocks of planets. With a diam-
eter of ~510-540km (Schmidt et al. 2009, Carry et
al. 2010), Pallas is the second or third largest object in
the asteroid belt and the parent body of a small colli-
sional family. Its spectral properties in the visible and
near-infrared indicate a B-type surface (DeMeo et al.
2009), meaning Pallas is most likely linked to carbona-
ceous chondrite meteorites. Disc-resolved images of
Pallas have revealed a nearly hydrostatic shape over-
printed by long-wavelength concavities (Schmidt et al.
2009, Carry et al. 2010). This was interpreted as evi-
dence for an early phase of internal heating subsequent
to Pallas’s formation, followed by several cratering
impacts (Schmidt & Castillo-Rogez 2012). The two
most recent estimates of Pallas’ density, 2.40+0.25
(Schmidt et al. 2009) and 3.40£0.90 (Carry et al.
2010), are rather inconsistent and prevent from differ-
entiating between the various models proposed for its
internal structure (Schmidt & Castillo-Rogez 2012).
This currently limits our understanding of the forma-
tion and early thermal evolution of Pallas.

2. Observations

We report new high-angular resolution observations of
(2) Pallas collected in the frame of the SPHERE large
survey of the asteroid belt (see Talk by P. Vernazza)
with the adaptive-optics-fed SPHERE+ZIMPOL cam-
era on the Very Large Telescope (VLT). A total of 40
images acquired at 8 different epochs provide a full
longitudinal coverage of the surface of Pallas. We also
present new mid-infrared (~10-30 micron) spectra of
Pallas collected with FORCAST on the Stratospheric

Observatory for Infrared Astronomy (SOFIA).

3. Results

Pallas was resolved with ZIMPOL with around ~120
pixels along the longest axis. The optimal angular res-
olution of each image was restored with Mistral (Fusco
et al. 2002), a myopic deconvolution algorithm opti-
mised for images with sharp boundaries, which allows
the identification of many craters and geological fea-
tures at the surface of Pallas. A precise 3D-shape re-
construction was achieved with the ADAM software
(Viikinkoski et al. 2015), providing a high precision
estimate of Pallas’s volume and hence density. Fi-
nally, the FORCAST data was used to search for mete-
oritic analogs in the mid-infrared. We will present our
results and discuss the implications for Pallas’s early
thermal and collisional evolution.
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Abstract

The high angular resolution of the new-generation
visible adaptive-optics camera SPHERE/ZIMPOL
mounted on the ESO/VLT telescope on Cerro Paranal
opened only recently an exciting opportunity to study
asteroid topography and shapes in great details with
the ground-based observations [V18]. Such task was
so far possible only for the two largest asteroids —
(1) Ceres and (4) Vesta. ZIMPOL observations with
a pixel scale of 3.6 mas [S17] are about four times
sharper than those from the HST (FGS instrument),
therefore the instrument is capable of resolving the
majority of D > 100 km main-belt asteroids, which
usually have an angular diameter larger than 100 mas
during their convenient apparitions. Currently, only
in-situ observations by space probes can provide bet-
ter images.

In 2016, ESO approved a Large program (PI: P. Ver-
nazza; ID: 199.C-0074) that involves acquiring high
angular images of ~40 asteroids larger than 100 km
throughout their rotation during four semesters (start-
ing April 2017). The aim of the observing campaign
is to better understand asteroid shapes, their internal
composition and local surface topography. Here, we
draw our attention to the main-belt asteroid (7) Iris
(hereafter simply Iris), which belongs to one of the
three largest members of the S-type spectral class.

Five epochs of Iris well spaced in the rotation
phase were observed with the SPHERE instrument
[BO8] during two consecutive nights in October 2017.
We clearly resolved several surface features (impact
basins) that are consistent throughout the deconvolved
images obtained using an modified MISTRAL algo-

rithm with a library set of PSF frames [F03]. The ob-
servations are exclusively limited to the south pole of
Iris (aspect angle ~160°) due to the pole-on observ-
ing geometry. We compare our shape model to the in-
dependent shape model based on delay-Doppler radar
data acquired at a similar observing geometry [O10].

The spectacular quality of the images is partly given
by the large angular size of Iris — 0.33”. Considering
the large size of Iris (~215 km), one pixel represents
~2.3 km at distance of Iris (0.89 au), which allows us
to reliably detect surface details as large as ~30 km.

We present a scaled-in-size 3D shape model with lo-
cal topography of Iris (Fig. 1) derived by the All-Data
Asteroid Modeling (ADAM) algorithm [V15,V16]
that takes both optical lightcurves and disk-resolved
images into consideration. Moreover, we also esti-
mate Iris” bulk density. We further comment on the
global and local features of Iris’ shape with respect
to its early and recent collisional history. Finally, we
also re-examine the existence of a potential collisional
family related to Iris in a search for a possible link with
any of the large basins on its surface.
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Figure 1: A low-resolution shape model of Iris reconstructed from the optical lightcurves and VLT/SPHERE
images. The red line indicates the position of the spin axis with the ecliptic longitude A = 19° and latitude
0 = 25°.
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Abstract

We describe here a methodology to identify aster-
oids serendipitously observed in large-area astronom-
ical surveys using Virtual Observatory tools such as
SkyBoT, TOPCAT, and STILTS. The application of
this method on the WFCAM Transit Survey is demon-
strated.

We provide almost 15,000 accurate positions (mean
RMS 0.15 arcsec) and J-band magnitudes (typical ac-
curacy of 0.11 mag) for over 1600 asteroids. From the
repeated observations we build light curves and use
them to determine the asteroid fundamental physical
parameters, such as their rotational period or their mul-
tiplicity.

1. Introduction

Most of the ~ 750,000 solar system small bodies
known today are asteroids. Their study is motivated
by their intrinsic importance as remnants of the early
stages of the solar system formation and by practi-
cal reasons concerning space exploration and their fre-
quent impacts with the Earth.

Wide imaging surveys, in particular those located
not far from the ecliptic, offer the opportunity to dis-
cover and characterize asteroids serendipitously ob-
served (e.g. [6]). Among them, exoplanets surveys
are excellent resources to get dense lightcurves of as-
teroids as both types of targets share similar observ-
ing requirements: large field of views (FOV), long se-
quences, and short cadence. Lightcurves can be then
used to determine fundamental physical parameters of
asteroids. Indeed, the asteroid’s shape, rotational pe-
riod and the scattering properties of the surface can be
determined from the analysis of the changes on the as-
teroid’s brightness due to changes in its geometry.

In this study we have made use of the WFCAM
Transit Survey (WTS), with 200 nights over five

years at the 3.8-m United Kingdom Infrared Tele-
scope (UKIRT). The purpose of WTS was to per-
form the first ever systematic near-infrared search
for transiting exo-planets around cool dwarfs. It ran
as a backup programme when observing conditions
were not good enough. As a consequence, the ob-
servations were not uniformly distributed over time.
WTS targeted four fields, each 1.6 square degrees
in size, in J-band and observed them once in the
ZY H K, filters. The four detectors of WFCAM cover
13.65 arcmin x 13.65 arcmin each and have a plate
scale of 0.4 arcsec.

2 Methodology

Our workflow makes use of SExtractor ([1]), Aladin
Sky Atlas ([3] and [2]), the STILTS package ([7], as
well as the IDL and Python programming languages.

2.1 Pre-processing and source extraction

We gathered 30877 bias and flat corrected and astro-
metrically calibrated WTS images from the WFCAM
Science Archive!. We helped us with Aladin to extract
the subimage taken by each of the four detectors and
manage them independently. After discarding images
observed in other filters than J and defective images,
we searched for asteroids in 121 462 subimages, all in
the J band.

Sources were detected by running SExtractor on ev-
ery subimage. Using the Gaia DR1 ([4] and [5]) cat-
alogue as a reference we estimated an average astro-
metric error for the SExtractor sources of 0.15 arcsec
(USEztractoT)~

To distinguish between moving asteroids and any
other source in the field, we built a catalog composed
by all SExtractor sources detected at the same position

Uhttp://wsa.roe.ac.uk/



in different images within an error of 0.4 arcsec. This
catalog covers the four regions observed in the WTS
and contains 1049 284 unique sources, mainly celes-
tial sources but also bad pixels and artifacts. From now
on, we will refer to this catalogue as the Non-moving
Source Catalog.

2.2 Asteroid identification

We identified the asteroids lying in our images at
the epoch of observation making use of the Virtual
Observatory-compliant service SkyBoT (Sky Body
Tracker, Berthier et al. 2006). SkyBoT provides a
fast and simple cone-search method to list all known
asteroids within a given FOV at a given epoch.

For each subimage, we obtained the list of asteroid
counterpart candidates by cross-matching the SExtrac-
tor catalog with the SkyBoT positions of the asteroids
lying in the image within a 3o radius, where o is given
by:

g = 5qrt(O'SEztractor2 + USkyBDT2)7 (1)

According to Skybot, there were 41 804 asteroid po-
sitions lying inside the field of view of the images in
the J-band. For 14 685 of them, we obtained one as-
teroid counterpart candidate per asteroid position after
removing the false counterparts using the Non-moving
Source Catalog and applying five additional quality
control tests:

 Nearly constant separations between the SExtrac-
tor position and the one provided by SkyBot.

For each night, less than 20% difference in right
ascention and declination proper motions be-
tween those computed from SExtractor counter-
parts and those provided by SkyBoT. If true, we
flagged them with A and with B otherwise.

Linear regression test within the same night. If
|r| > 0.9 we assumed linearity and flagged them
with A flag and with B otherwise.

e (V —J) colors between 0.6 mag and 2.3 mag are
flagged with A, assuming (V' — J) = 1.2-1.7 for
asteroids and a maximum light curve amplitude
of 0.6 mag. B flag otherwise.

Almost 98% of the remaining 25589 positions of aster-
oids for which we do not have candidate counterparts
correspond either to asteroids with magnitudes close
or beyond the magnitude limit of the images or aster-
oids that are being obscured by a bright field star.

Table 1: Number of asteroids and detections.

Class # asteroids  # asteroid
(fraction)  detections
Main Belt 1492 (93.0) 13608
Hungaria 53@3.3) 370
Trojan 42 (2.6) 490
Mars-Crosser 26 (1.6) 196
Near-Earth Asteroid 7(0.4) 21

2.3 Asteroid characterization

The 14 685 confirmed asteroid positions correspond to
1620 asteroids, for which we provide « and § coor-
dinates, p, cos(d) and ps proper motions, epoch, J
band magnitude and test flags. The number of asteroid
and asteroid detections in the survey is summarized in
Table 1 for each class of object.

Light curve building requires the comparison of as-
teroid magnitudes obtained at different nights. The
photometric calibration of each subimage was done
using the 2MASS catalogue. The distribution of mag-
nitudes of the 14 585 asteroid counterparts identified in
this work peaks at around 18.3 mag, which reflects the
limiting magnitude of the survey although asteroids up
to 20.6 mag have been detected.

The analysis of the light curves and the determina-
tion of the associated physical parameters is currently
on-going.

3. Summary and Conclusions

We have developed a robust methodology to identify
asteroids in large area surveys using Virtual Obser-
vatory tools. We proved this method to be efficient
making use of the WFCAM Transit Survey. We were
able to identify over 1 600 asteroids in near 15 000 dif-
ferent epochs for which we provide positions, proper
motions and J band magnitudes, as well as physical pa-
rameters for a subset of them. Asteroid positions have
been reported to the Minor Planet Center? to improve
their associated orbital parameters.

Zhttp://minorplanetcenter.net
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Abstract

Thermal properties of asteroids: thermal inertia, size,
albedo, and surface roughnes require physical proper-
ties like spin axis position, rotation period and shape
to be known before they can be determined. We focus
on slowly rotating main belt asteroids to decrease se-
lection effects in their spin and shape properties, but
also in thermal inertia values, which are largely miss-
ing for slow rotators. Using multi-mission infrared
data we apply our models from lightcurve inversion
in the thermophysical modelling process. As a result
we obtain scaled shape models with thermal proper-
ties determined. We find both large and small values
of thermal inertia, what indicates distinct properties of
surface regolith.

1. Selection effects
1.1. Spins and shapes

Slowly rotating asteroids (P > 12 hours) are chal-
lenging in spin and shape modelling, requiring large
amounts of observing time in order to register their
full optical lightcurves, especially when slow rotation
is coupled with small amplitude of brightness varia-
tions. As a result the sample of spin and shape mod-
elled asteroids is now dominated by short-period and
large-amplitude targets - those with elongated shapes
and extreme values of spin axis obliquity [9].

This bias might influence studies of e.g. evolution
of asteroids under Yarkovski and YORP effects [12],
[51, or the outcomes of impacting events [11].

1.2. Thermal properties

This selection effect also propagates to studies of as-
teroid thermal properties, which cannot be reliably
determined without precise spin and shape models.
Our recent study has shown that combining data from
a network of ground based observatories with data
from infrared space telescopes (mainly from IRAS,
AKARI, and WISE) has a huge potential in asteroid

physical studies, providing detailed shape models with
absolute size scales, albedos and thermal inertia values
[10]. Such thermophysical models have been obtained
for around 200 of asteroids so far, and among them
only a small fraction rotate slowly [2], [6].

It has not been much investigated yet if thermal in-
ertia of very slow rotators can ever be determined.
Relatively small distance between sub-solar point and
the warmest, afternoon part of the asteroid surface
might challenge such determinations. On the other
hand, if it can (and we found that true in most studied
cases), then it should contain information on the ma-
terial properties of deeper, sub-regolith layers of the
surface [7]. This way the density and thermal conduc-
tivity of such layers, and also regolith grain size and
packaging tied to the surface roughness can be studied

(4].

2. Results

Our photometric observing campaign resulted in a
substantial number of spin and shape models of slowly
rotating asteroids based on dense lightcurves. To cre-
ate the models we used convex inversion method [8]
and in some cases also non-convex SAGE algorithm
[1]. We then applied thermophysical models (e.g.[2])
to determine their sizes and albedos, with thermal iner-
tia and indication of the level of surface roughness. It
is worth noting that internally consistent good fits were
simultaneously obtained for data from a few different
infrared space observatories, giving more confidence
to our results. One example is shown in Fig. 1

In a few cases a mirror pole symmetry was broken,
as one of two solutions for the pole gave clearly better
fit to thermal data. Found thermal inertia values are
often large (up to 125 SI units), as expected. Sizes of
main belt targets in our sample range from 20 to 130
km. So far mostly relatively large I" values have been
observed in this size range [2].

However in some cases I" values that we found are
surprisingly small (around 10 SI units), indicating a
fine, mature regolith on their surfaces. Alternatively,
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Figure 1: x2 plots versus thermal inertia values for asteroid
195 Eurykleia (P=16.52179 h). The different surface rough-
ness levels are shown with different point types, and the best-
fitting diameter for each model is coded in the colour palette.
The horizontal lines mark the 1-sigma (lower) and 3-sigma
(upper) limits below which models can be considered to fit
the data acceptably.

small thermal inertia might be an indicator of colder
temperatures of deeper subsurface layers, to which a
heat wave can penetrate in case of long-period targets,
provided the density does not change with depth [3].

3. Summary and Conclusions

By studying slow rotators we are filling the gaps in a
few areas of asteroid physics. We debias the set of
known spin and shape parameters, providing precise
models based on dense lightcurves for targets that can-
not be studied otherwise (e.g. where available sparse
data from large surveys are often insufficient). This
way we also provide largely missing type of targets
for thermophysical modelling, and find a wide range
of thermal inertias, indicating large differences of the
regolith type on the surface or in subsurface material
properties. In the near future we are going to verify
various hypotheses concerning thermal inertia depen-
dence on the rotation period, by studying more targets
with periods longer than 20 hours.
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Abstract

Asteroid (16) Psyche is the largest of the M-type aster-
oids in the main belt. High radar albedo is an indica-
tive of metallic nickel-iron composition and albedo
variegation both at radar and visible wavelengths sug-
gest surface heterogeneity. Recent studies [1, 2] es-
timate that Psyche is an exposed core (either intact
or a rubble pile) of a Vesta-like planetesimal. The
uniqueness of Psyche is the main reason for its selec-
tion as the target of Discovery-class mission, which is
planned to be launched in 2022.

The asteroid has been previously observed with both
the Arecibo range-Doppler radar and the Keck adap-
tive optics system. While the Keck observations cov-
ered most of the asteroid’s surface, their resolution
were insufficient to distinguish any details. The range-
Doppler images, on the other hand, showed a detailed
view of the southern hemisphere, although everything
above 45° latitude was unseen by the radar.

We present new high-resolution images obtained
with the SPHERE/ZIMPOL visible light adaptive op-
tics camera at VLT during May-June 2018. The adap-
tive optics system facilitates observing at the resolu-
tion close to the diffraction limit, which is approxi-
mately 18 mas in the visible band. The camera pixel
size is 3.6 mas, or about 6 km projected at the distance
of Psyche. Observed at opposition, the images provide
a highly detailed view of the previously unobserved
northern hemisphere.

We use the SPHERE adaptive optics images, to-
gether with the earlier Keck data, stellar occultations,
lightcurves, and range-Doppler images to derive a
non-convex 3-D shape model of the asteroid. We es-
timate shape and size uncertainties, analyze promi-

nent topographic features and study their consistency
across observations.
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Abstract

The (YORP) effect [1] is a torque due to incident
solar radiation and the subsequent recoil effect from
the anisotropic emission of thermal photons on small
bodies in the Solar System. The YORP effect can:
change rotation rates and spin-axis orientations over
relatively short time-scales; modify orbits (semi-
major axis drift from the related Yarkovsky effect
depends on the obliquity) and thus plays a key role in
replenishment of the near-Earth asteroid (NEA)
population; cause regolith mobility and resurfacing
as spin rates increase, form binary asteroids through
equatorial mass loss and re-aggregation and cause
catastrophic  disruption. When we began our
systematic monitoring programme in 2010, the
YORP effect had only been detected for three
asteroids [2-4] with a marginal detection following in
2012 [5]. That has now increased to six [6-7]. All
detections so far are in the spin-up sense, and
theoretical studies are making progress in explaining
this observation [8]. However, a much larger
statistical sample is required to robustly test this
theory. We are conducting an observational
programme of a sample of NEAs to detect YORP-
induced rotational accelerations. For this we use
optical photometry from a range of small to medium
size telescopes. This is supplemented by thermal-IR
observations and thermophysical modelling to
ascertain expected YORP strengths for comparison
with observations. For selected objects, we use radar
data to determine shape models. We will present our
latest results from this programme.

1. Observational Campaign:

Optical photometry and the detection of YORP:
Detection of rotational acceleration requires
measurement of phase shifts in rotational lightcurves
at a minimum of three apparitions. Our observational
programme focuses on ~km-sized NEAs with short
spin periods to allow suitable lightcurves to be

obtained at multiple apparitions with short runs on a
range of moderate-sized telescopes. We have
acquired a considerable dataset on our target NEAs,
mainly through our ESO 3.6m NTT Large
Programme (185.C-1033), but also supporting
observations from the 2.5m Isaac Newton Telescope
and the 2m Liverpool Telescope (La Palma, Spain),
and the Sm Hale Telescope at Palomar Observatory
(USA), among many others. Lightcurve data from the
programme will also be linked to previous published
data where available. We use an established light
curve inversion code, e.g. [9], modified to include
YORP-induced sidereal rotation period changes, to
derive shape and spin state models and identify the
YORP effect (See Fig. 1).
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Figure 1. Rotational-phase changes (¢) in Itokawa
observed from 2001-2013 [6]. The strong quadratic
variation of ¢ is consistent with YORP-induced
rotational acceleration. This is the characteristic
signature of YORP that we are searching for with our
NEA targets and modelling methods.

Thermal-IR _ observations _and _ thermophysical
modelling: Mid-IR observations provide valuable
constraints on size, albedo and surface roughness,
required to model the YORP effect, as well as
thermophysical properties. We have a parallel
programme to obtain mid-IR photometry for all
targets that are sufficiently bright for detection with
the VISIR instrument on ESO’s 8.2m VLT (185.C-
1034, 190.C-0357, 197.C-0816) as well as a




Spitzer/IRAC programme (#11097), augmented by
archival data from WISE [10]. YORP effect
predictions are made using the Advanced
Thermophysical model (ATPM), e.g. [11], with
shape models from our lightcurve analysis or derived
from radar data (see Fig. 2).

Planetary radar programme: For selected objects, we
have radar data available. Radar observations can
greatly improve the spin-state analysis by providing a
fully independent shape model, thus greatly reducing
the range of potential solutions for YORP. The
ability of radar to detect surface concavities is an
important advantage as many asteroids are reported
to have bi-lobed or contact-binary configurations
[12]. Radar data can also be merged with optical
lightcurve data to provide tighter constraints on
rotational pole positions and shape and spin-states.
Such detailed shape models also allow for more
rigorous modelling of the YORP and Yarkovsky
effects [13]. The radar observations used in this
programme were obtained wusing the Arecibo
Planetary Radar (Puerto Rico, PID: R2959, R3036)
and Goldstone (USA) facilities.

2. Latest Results

We have already detected YORP and inferred density
heterogeneity in (25143) Itokawa (Fig. 1) [6]. We
will present our latest results and progress on YORP
detections/upper limits for a subset of NEAs from
our programme, which include: (1917) Cuyo (Fig. 2),
(8567) 1996 HW1, (85990) 1999 JV6, 6053, and
1950 DA. Our analysis of observations also yields
several additional important results in relation to the
physical properties of several of these NEAs. For
example, the shape of Cuyo resembles the oblate
spheroid or ‘spinning top’ shape first observed on
NEA 1999 KW4 [14]. This shape is due in part to
radiative torques. While we do not see a strong
YORP signature in the data, this asteroid has likely
experienced YORP-induced shape modifications.
Furthermore, thermophysical analysis, utilizing our
thermal observations and the shape model, reveal that
material near the equatorial ridge may be leaving the
surface (See Fig. 2). Cuyo has a low thermal inertia
of 24 T m? K s, indicating a surface significantly
reduced in surface boulders. Our analysis of
combined radar and optical photometry of 1999 JV6
reveal a distinctive bi-furcated shape, similar to 1996
HWI1 [15] and Itokawa [16]. This asteroid is likely

to be the result of a collapsed binary system. We also
detect a transverse non-gravitational acceleration
(NGA) of (-1.6 + 0.2) x 10" m s? in the orbital
motion of this object, based on our radar astrometry.
Thermophysical analysis of Spitzer data, combined
with the shape model can attribute this NGA
detection to the Yarkovsky effect, and also yields a
low bulk density measurement of < 830 g cm™.
Asteroid 1999 JV6 may therefore be of cometary
origin. These results will be discussed in detail at the
meeting, along with the full range of latest results
from this on-going programme.
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Figure 2. (1917) Cuyo shape model indicating
negative effective gravity near the equator (left), used
to fit Spitzer/IRAC light-curves (right).
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1. Abstract

The majority of asteroid models, which include the ro-
tation period, spin axis and shape, are derived from
the analysis of asteroid light variations, observed at
different geometries. While for the Main Belt aster-
oids it takes at least three, well spaced oppositions to
collect the necessary data, some near-Earth asteroids,
when passing by the Earth, sweep long arcs in the sky
enabling observations at different geometries. This
potentially can help in determination of their models
from relatively short observing campaigns.

It can be argued that the minimum arc length in the
sky, covered by photometric observations, needed to
derive a unige spin axis and shape model for a NEA in
favourable conditions is about 120 deg (Josef Durech,
private communication). Hence it is interesting to
check how often NEAs are observable in such a way
that a coordinated, world-wide photometric campaign
can collect enough data for derivation of their mod-
els from a short, one to two months observing period.
Apart from the length of arc in the sky, other observ-
ing conditions should be taken into account such as the
Moon conditions, background stars’ density, asteroid
brightness, sky movement, etc.

To answer those questions computations of NEA
ephemerides have been performed using both the his-
toric orbits of the NEAs discovered in the past as well
as the simulated orbits based on the Granvik et al.
model of the NEO population [1]. They were then
used to select objects which can potentially be used
for spin axis and shape analysis. The analysis of the
obtained results will be presented at the conference.
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Abstract

We report results of bistatic radar and optical pho-
tometric observations of near-Earth Asteroid 2017
VR12. This asteroid closest approach was on March 7
at a distance of 0.0097 au. The continuous wave echo
power spectra were obtained during March 5, 2018 us-
ing Goldstone radar to transmit and 32-m radio tele-
scopes in Zelenchukskaya and Badary observatories to
receive the echoes. Light curve data were made us-
ing 0.65 m telescope at the Ussuriysk Astrophysical
Observatory on March 6, 2018. We find that the as-
teroid rotates with a period 1.378 £ 0.03 hours and
have a pole-on silhouette breadth of 138 m. Our esti-
mates of radar albedo are 0.32 £ 0.04 and 0.31 £ 0.04
and the circular polarization ratios are 0.36 £ 0.02 and
0.34 £ 0.01 for Zelenchukskaya and Badary corre-
spondingly.

1. Introduction

Asteroid 2017 VR12 was discovered on Novem-
ber 10, 2017 by the 60-inch Pan-STARRS 1 tele-
scope at Haleakala Observatory. 2017 VRI12 is an
Amor class near-Earth asteroid (NEA) with an or-
bital semi-major axis of 1.3696 au and a perihelion
distance of 1.0004 au and is classified as a "Po-
tentially Hazardous Asteroids" by the Minor Planet
Center. On March 7, 2018 this asteroid approached
the Earth within 0.0097 au which was the clos-
est encounter since its discovery. Pravec et al.
(http://www.asu.cas.cz/ ppravec) reported a light curve
period of 1.37752 £ 0.00007 h with an amplitude of
0.2. However, the physical parameters of this asteroid
were unknown except its absolute magnitude of 20.6
which, for mean optical albedo from 0.05 to 0.5 sug-
gests a diameter from 450 to 140 meters.

In March 2018, we had the opportunity to conduct a
bistatic radar observations of 2017 VR12 in coopera-

tion with the Goldstone planetary radar and also obtain
photometric observations from Ussuriysk Astrophysi-
cal Observatory. Here we present a physical parame-
ters of 2017 VR12 derived from radar and light curve
data.

2. Photometric observations

We observed 2017 VR12 at the Ussuriysk Astrophys-
ical Observatory on March 6, 2018 with the 0.65 m
telescope equipped with a KAF-4301E CCD. The ob-
servations began at 11:50:39 UT and covered 2.57 h
during which 500 images of the asteroid were taken
through a clear filter with an interval between frames
and exposure time of 10 seconds and resolution of
3.8 arc seconds per pixel. The asteroid’s magnitude
was measured relative to 16 comparison stars from the
UCACH4 catalog. Fig. 1 shows the light curve of the as-
teroid 2017 VR12 obtained as a result of observations.
The average brightness of the asteroid was 11.8 mag-
nitude and varied within 0.6 magnitude. One can see
periodic variations in brightness including two max-
ima and two minima of different amplitudes, which
can occur due to the precession of the rotation axis.
Using a Fourier series method to the light curve data
we obtained the most probable rotation period of 1.378
+0.03 h.

3. Radar observations

We observed 2017 VR12 on March 5, 2018 using
32-m radio telescopes in Zelenchukskaya and Badary
observatories. Goldstone radar transmitted 150 kW
circular polarized continuous wave (CW) signal at
8560 MHz (3.5 cm). Echoes were recorded simulta-
neously in the same (SC) and opposite (OC) senses of
circular polarizations as the transmission. Taking into
account the Doppler frequency as a function of time
we applied the Fourier transform to the echo time se-
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Figure 1: Lightcurve data of 2017 VR12 obtained
at Ussuriysk Astrophysical Observatory on March 6,
2018.

ries. As a result we obtained CW echo power spec-
tra for 9 minutes integration time with 1 Hz frequency
resolution. At the Fig. 2 you may see the OC and SC
continuous wave echo power spectra of 2017 VR12
obtained at Zelenchukskaya (A) and Badary (B) obser-
vatories. Echo power is plotted in standard deviations
versus Doppler frequency relative to the estimated fre-
quency of echoes from the asteroid’s center of mass.
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Knowing the rotation period and instantaneous echo
power spectra bandwidth ~10 Hz and assuming zero
angle between the observer line-of-sight and the ob-
ject’s apparent equator we may estimate the lower
bound on the asteroid’s maximum pole-on breadth of
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Figure 2: Continuous wave echo power spectra of
2017 VRI12 obtained at Zelenchukskaya (A) and
Badary (B) observatories on March 5, 2018 from 4:16
to 4:25 UT. Each curve has a frequency resolution of
1 Hz. Solid and dashed lines denote echo power in the
OC and SC polarizations.

138 m at the rotation phase ¢. By integrating the CW
spectra we obtained the radar albedo of 0.32 4+ 0.04
for Zelenchukskaya and 0.31 + 0.04 for Badary sug-
gests S or M-class NEA with a bright surface [1]. The
ratio of the integrated SC and OC signal is a mea-
sure of near-surface wavelength-scale roughness. We
estimated the circular polarization ratios of 0.36 +
0.02 and 0.34 £ 0.01 for Zelenchukskaya and Badary
correspondingly, indicates that the near-surface of
2017 VRI12 at decimeter scales is morphologically
rougher than those of most radar-detected NEA’s [2].
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Foundation grant No 16-12-00071.
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Abstract

Multiple optical lightcurves of asteroids are widely
used to derive the object’s shape and spin proper-
ties via standard lightcurve inversion methods. Ther-
mal measurements are key ingredients for radiomet-
ric methods to derive size, albedo, and thermal prop-
erties of a given asteroid. However, thermal infrared
data also contain crucial information about the object’s
spin properties. Depending on the amount of available
thermal data and their quality, one can determine the
object’s sense of rotation or even constrain the spin-
axis orientation. The thermal data also allow to verify
shape solutions, and in some cases it is also possible
to improve shape solutions. This is important for ob-
jects where the lightcurve inversion is ambiguous or
fails completely. We present our methods and discuss
possibilities and limitations of the new approach.

1. Introduction

Thermal infrared measurements typically comprise in-
dividual photometric points, sometimes multi-filter
measurements (like from IRAS, AKARI or WISE),
and only in very rare cases thermal ligthcurves com-
ing from Spitzer or Herschel. These data are widely
used to determine the size and albedo of small bod-
ies via radiometric techniques. It is also possible to
constrain the object’s thermal properties and estimate
surface roughness properties or even grain size dis-
tributions ([1] and references therein). However, in
cases where thermal observations cover different as-
pect angles - preferentially also different phase angles
and wavelengths - it is also possible to constrain the
object’s spin properties from thermal data alone (e.g.,
[8, 6]). A new method by Durech et al. [2] even allows
to combine optical and thermal data to constrain mul-
tiple object properties simultaneously (see results on
Ryugu by [11]). The combined approach is still dif-

ficult since it requires a careful weighting of data and
a profund knowledge of the information content of a
given (optical or thermal) data set. Here, we go one
step back to look at the possibilities and limitations of
radiometric techniques in the context of constraining
the object’s spin properties.

2. Applications

We use all available thermal data for a given object to
find out if the object’s spin properties can be identi-
fied. The combined data are analysed via a powerful
thermophysical model code [3, 4, 5].

First, we look at a sample of large and well-known
main-belt asteroids which only have a few thermal
data points typically from the survey missions IRAS,
AKARI, MSX and/or WISE, but only very few tar-
geted thermal measurements from ground or space.
For these poorly observed objects (at thermal wave-
lengths), our method allows to estimate at least the
sense of rotation. We compare our results with the true
spin properties as listed in the DAMIT database.

Other cases, like Bennu [8], Itokawa [10] and
Ryugu [11], and also a few main-belt asteroid, have
many more thermal data, covering different aspect an-
gles, phase angles, and wavelengths. Here, the thermal
data can put very strong constraints on the actual spin-
axis orientation.

And even for Centaurs and trans-Neptunian objects
it is often possible to distinguish between objects seen
pole-on from objects seen equator-on. The thermal
measurements in those cases are coming either from
Herschel and/or Spitzer, for some near Centaurs also
from WISE.

The comparison with "ground truth" - whenever
available - shows the large scientific potential of ther-
mal data in the context of asteroid spin properties. But

Uhttp://astro.troja.mff.cuni.cz/projects/asteroids3D



it is important to understand the spin information con-
tent imprinted in thermal data before one can use them
in a more general application where all available op-
tical and thermal data are combined. For the full ex-
ploitation it is necessary to understand the wavelength,
phase-angle and aspect-angle related effects, and to
have a deeper understanding of the relative and abso-
lute errors of a given measurement. We’ll present our
results and discuss the possiblities and limitations of

the different approaches.
15t epoch at
o =+60.4°
(before opposition) 600
400
200
2" epoch at
o=-61.4°
(after opposition)

1t epoch at
o =+60.4°
(before opposition)

250
200
150

2d epoch at
a=-61.4°
(after opposition)

Figure 1: Top: The two figures show the insolation
for the NEA 99942 Apophis before (left) and after
(right) opposition, almost at exactly the same phase
angles of around 61°. Bottom: The corresponding sur-
face thermal pictures are very different, caused by the
combined spin and thermal inertia properties. This ex-
ample shows that thermal measurements contain infor-
mation about the sense of rotation and in some cases
can also constrain the spin-axis orientation. Figures
adapted from [9].
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Abstract

We present results from the first two years of our EU
Horizon2020-funded benchmark study (2016-2019)
that addresses critical points in reconstructing physical
and thermal properties of near-Earth, main-belt, and
trans-Neptunian objects. The combination of the vi-
sual and thermal data from the ground and from astro-
physics space missions (like Herschel, Spitzer, Kepler-
K2 and AKARI) is key to improving the scientific
understanding of these objects. The development of
new tools will be crucial for the interpretation of much
larger data sets, but also for the operations and scien-
tific exploitation of interplanetary missions. We com-
bine different methods and techniques to get full infor-
mation on selected bodies: lightcurve inversion, stel-
lar occultations, thermophysical modeling, radiomet-
ric methods, radar ranging and adaptive optics imag-
ing. The applications to objects with ground-truth
information from interplanetary missions Hayabusa,
NEAR-Shoemaker, Rosetta, and DAWN allow us to
advance the techniques beyond the current state-of-
the-art and to assess the limitations of each method.

1. Targets

For our benchmark study on minor bodies we selected
important targets which were already visited by space-
craft (or are currently visited ), which have a wealth
of data from different observing techniques available
(or are candidates for being observed with new tech-
niques), which are or will be useful in the calibration
context, or which will allow us to address and solve
specific scientific questions [1].

[nEAs Main Belt Trojan/Centaurs  TNO Belt
| standard stellar i new
[ [
e I“
hel, ALMA
oun Spacetraft visits [
High-resolution AO
imaging (large MBAs)
calibrations,
| NEAs Main Belt Trojan/Centaurs TNO Belt

Figure 1: Overview of the SBNAF sample and the
available observations.

2. Techniques

The characterization of small bodies is based on
lightcurve inversion, radiometry, occultation, radar,
and direct imaging techniques. We extract the crucial
information from all available observations for a given
target. The combination of different data sets leads to
the development of new tools and methods which are
validated against ground-truth information and to test
capabilities and limitations. Figure 1 shows the differ-
ent available techniques for our sample targets.

3. Tools, Services, and Products

ISAM (http://isam.astro.amu.edu.pl/) con-
tains a collection of own and literature shape models
for more than 900 asteroids. It allows to (i) display
an asteroid orientation as seen from Earth at any date;
(ii) to generate lightcurves; (iii) to animate the rota-



tion; (iv) to produce 3D views; (v) to investigate view-
ing and illumination geometries; and (vi) to down-
load spin-shape solutions and generated products. The
Gaia-GOSA page (http://www.gaiagosa.eu) is
an interactive tool which supports observers in plan-
ning photometric observations of asteroids. The aster-
oid prediction tool is based on the Gaia orbit and scan-
ning law (ESA) and SSO ephemerides (MPC). The
planned Asteroid IR database will contain thermal
IR/submm/mm observations of small bodies (NEAs,
MBAs, Trojans, Centaurs, TNOs), including measure-
ments from ground (MIR, submm, mm instruments),
airborne (SOFIA), and space projects (IRAS, MSX,
AKARI, ISO, Spitzer, WISE, Herschel, Planck).

The SBNAF project makes occultation predic-
tions for MBA events in 2017/18/19, as well as long-
and short-term planning/calculations for TNO events.
We also produce high-quality images and fluxes for
NEAs, MBAs, and Centaurs/TNOs derived from Her-
schel photometric measurements. The new products
are publically available from the Herschel Science
Archive. We also support asteroid-related calibra-
tion activities for Herschel, ALMA, APEX, SOFIA,
ISO, AKARI, IRAM, etc. calibration work.

4. Scientific results

/‘\ Project Members Targets Techniques Results Science Outreach  Misc

Science

Publications
The SBNAF project and the resuits of our work are published in open access.

Conference & Workshop contributions
Our SBNAF project and the results of our work are presented in many conferences and workshops.

SBNAF public web site

Figure 2: SBNAF web page where all SBNAF-related
publications are documented and the open access links
are provided.

Our SBNAF scientific results are documented in
a large number of conference contributions and pub-
lications (see Figure 2). We are currently count-
ing about 50 refereed publications (published, ac-
cepted, or submitted), with SBNAF contribution or
led by SBNAF team members. The highlight pub-
lication is a Nature publication on "The size, shape,

density and ring of the dwarf planet Haumea from
a stellar occultation", by Ortiz et al. [2], which is
based on a combined effort between the SBNAF and
Lucky Star! teams, with inputs from many profes-
sional and amateur astronomers. The scientific SB-
NAF output is documented on our public web page
at http://www.mpe.mpg.de/~tmueller/sbnaf.
We will present selected results and highlights from
our first two years of the SBNAF project.
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