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ABSTRACT

Context. The store of data collected in public astronomical archives across the world is continuously expanding and, thus, providing
a convenient interface for accessing this information is a major concern for ensuring a second life for the data. In this context, Solar
System objects (SSOs) are often difficult or even impossible to query, owing to their ever-changing sky coordinates.

Aims. Our study is aimed at providing the scientific community with a search service for all potential detections of SSOs among
the ESA astronomy archival imaging data, called the Solar System Object Search Service (SSOSS). We illustrate its functionalities
using the case of asteroid (16) Psyche, for which no information in the far-IR (70-500 um) has previously been reported, to derive its
thermal properties in preparation for the upcoming NASA Psyche mission.

Methods. We performed a geometrical cross-match of the orbital path of each object, as seen by the satellite reference frame, with
respect to the public high-level imaging footprints stored in the ESA archives. There are about 800 000 asteroids and 2000 comets
included in the SSOSS, available through ESASky, providing both targeted and serendipitous observations. For this first release, three
missions were chosen: XMM-Newton, the Hubble Space Telescope (HST), and Herschel.

Results. We present a catalog listing all potential detections of asteroids within estimated limiting magnitude or flux limit in Herschel,
XMM-Newton, and HST archival imaging data, including 909 serendipitous detections in Herschel images, 985 in XMM-Newton
Optical Monitor camera images, and over 32 000 potential serendipitous detections in HST images. We also present a case study: the
analysis of the thermal properties of Psyche from four serendipitous Herschel detections, combined with previously published thermal
IR measurements. We see strong evidence for an unusual drop in (hemispherical spectral) emissivity, from 0.9 at 100 um down to
about 0.6 at 350 um, followed by a possible but not well-constrained increase towards 500 um, comparable to what was found for
Vesta. The combined thermal data set puts a strong constraint on Psyche’s thermal inertia (between 20 to 80 Jm=2 s~!/2 K~!) and favors
an intermediate to low level surface roughness (below 0.4 for the rms of surface slopes).

Conclusions. Using the example of Psyche, we show how the SSOSS provides fast access to observations of SSOs from the ESA
astronomical archives, regardless of whether the particular object was the actual target. This greatly simplifies the task of searching,
identifying and retrieving such data for scientific analysis.

Key words. minor planets, asteroids: general — minor planets, asteroids: individual: Pysche

1. Introduction issue. Moreover, the consistently increasing store of archival
data coming from a variety of facilities, both from ground-based
telescopes and space missions, has led to the need for single
points of entry for exploration purposes. However, moving tar-

* The catalog is also available at the CDS via anonymous ftp to ~ gets seen at different sky positions and under very different
cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc. observing geometries are not easy to aggregate within a single
u-strasbg.fr/viz-bin/cat/J/A+A/659/A38 tool.

Providing the Solar System research community with swift and
easy access to the astronomical data archives is a long-standing
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In general, multi-epoch observations over several opposi-
tions are required to compute the orbit to a sufficient level of
accuracy required for targeted studies. The archived imaging
data contains both serendipitous and targeted observations of
asteroids, where, in particular, the astrometry of the former can
greatly reduce these ephemerides uncertainties at visible wave-
lengths when harvested (e.g., precovery of near-Earth asteroids
Solano et al. 2014). Moreover, the extracted photometry can be
used to constrain the phase function and, if multi-band obser-
vations were acquired within a short period of time, they can
even allow for a color determination and rudimentary taxonomic
classification of the asteroid (DeMeo & Carry 2013; Shevchenko
et al. 2016).

Within this context, the ESAC Science Data Centre
(ESDC)!, located at the European Space Astronomy Cen-
tre (ESAC) has developed ESASky (Giordano et al. 2018),
a science-driven discovery portal for exploring the multi-
wavelength sky, providing a fast and intuitive access to all ESA
astronomy archive holdings. Released in May 2016, ESASky?
is a Web application that sits on top of ESAC hosted archives,
with the goal of serving as an interface to all high-level science
products generated by ESA astronomy missions. The data spans
from radio to gamma-ray regimes, and includes the Planck, Her-
schel, 1ISO, HST, XMM-Newton and INTEGRAL missions. In
addition, ESASky provides access to data from other interna-
tional space agency missions (e.g., Chandra from NASA and
AKARI and Suzaku from JAXA) and provides access to data
from major astronomical data centers and observatories, such
as the European Southern Observatory (ESO), the Canadian
Astronomy Data Center (CADC), and the Mikulski Archive for
Space Telescopes (MAST). ESASKky is designed to be excep-
tionally visual (Baines et al. 2017), allowing users to: see where
in the sky all missions and observatories have observed; find all
available data for their targets of interest; overlay catalog data;
visualize which objects have associated publications; perform
initial planning of James Webb Space Telescope observations;
and change the background all-sky images (HiPS; Fernique et al.
2015) from many different missions and observatories. However,
a clear interface with the Solar System community in terms of
the scientific exploitation of these astronomical data holdings is
not typically accessible.

Efforts to tackle this issue are already in place, such as the
Solar System Object Image Search by the Canadian Astron-
omy Data Centre (CADC)? (Gwyn et al. 2012) and SkyBoT4
(IMCCE, Berthier et al. 2006, 2008, 2009, 2016), plus a num-
ber of ephemeris services, such as Horizons® (NASA/JPL), Miri-
ade®, and the Minor Planet & Comet Ephemeris Service’ (MPC).

In this first integration of the Solar System Object Search
Service (SSOSS), we enable users to discover all targeted and
serendipitous observations of a given SSO present in the ESA
Herschel, HST, and XMM-Newton archives. Upon user input,
the official designation of the target is first resolved using the
SsODNet® service. Then the search engine retrieves all the pre-
computed results for all the observations matching the input SSO
provided. These results are pre-computed as a geometrical cross-

! http://cosmos.esa.int/web/esdc

2 https://sky.esa.int

3 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
ssois/

4 http://vo.imcce.fr/webservices/skybot/
https://ssd. jpl.nasa.gov/horizons.cgi
http://vo.imcce. fr/webservices/miriade/
https://www.minorplanetcenter.net/iau/mpc.html
http://vo.imcce. fr/webservices/ssodnet/
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match between the observation footprints and the ephemerides
of the SSOs within the exposure time frame of the observations
and stored in the service-dedicated database schema.

To showcase the capabilities of this tool, the flux values at
70 um and 160 um of asteroid (16)Psyche are reported from
four serendipitous detections in the Herschel Space Observatory
archival data. These are the first detections of this object in this
energy regime, making these results of significant importance for
the upcoming NASA Discovery Psyche mission, expected to be
launched in 2022 to visit the asteroid in 2026.

The article is organized as follows: Sect. 2 describes the
input sample of small bodies and the archival high-level meta-
data products used in this work. Section 3 presents the pipeline
software implementation and algorithms involved. In Sect. 4, the
output catalogues for each potential detection and discussion of
results are presented. The far infrared photometry and thermal
modeling of asteroid Psyche is included in Sect. 5. Finally, our
conclusions and plans for future works are described in Sect. 6.

2. Inputs
2.1. Samples of Solar System objects

The input asteroid catalog was retrieved from the Lowell Obser-
vatory Asteroid Orbital Parameter database (astorb’). This
database is continuously changing and growing, so this work is
based on the snapshot taken on July 5, 2019, containing 795 673
objects.

This catalog was selected based on the availability of the
current position uncertainty (CEU) parameter, allowing for the
propagation of uncertainties in time and thus permitting us to
provide positional uncertainties for each potential detection,
while also taking them into account for the cross-match com-
putation, as explained in Sect. 3.3.

The distribution of asteroids in the Solar System is illustrated
in Fig. 1, where the bottom part depicts the semi-major axes and
eccentricities of all asteroids in the astorb database. We color-
coded the different asteroid populations, which are defined in
this orbital parameter space (Gladman et al. 2008; Carry et al.
2016). Over 90% of asteroids are in the main belt between
Mars and Jupiter. The transient population of near-Earth aster-
oids (NEAs) is of great interest for space exploration as these
objects represent the celestial bodies closest to Earth. The distant
and faint Kuiper belt objects (KBOs) are the most challenging
to observe, nevertheless, their primordial chemical compositions
provide key constraints on models of the formation and evolution
of the outer Solar System.

The strategy for the SSOSS cross-match pipeline is based
on this distribution, in particular on the distribution of apparent
proper motions with respect to each individual satellite point of
view, from high-speed NEAs, (~3% of all known asteroids), to
relatively slow KBOs (~0.4%). The upper part in Fig. 1 shows
the apparent motion distributions of the different populations,
which we extracted at a single epoch for all asteroids using the
IMCCE SkyBoT3D service!® (Berthier et al. 2006).

The SSOSS input catalog for comets was provided by the
IMCCE cometpro!' and it contains the orbital elements of 1342
comets as of June 20, 2018. For the propagation of positional
uncertainties, a fixed initial uncertainty of 10" was assumed and
propagated in time from the proper motion expected values as a

° http://asteroid.lowell.edu

10 http://vo.imcce. fr/webservices/skybot3d/

" http://www.imcce. fr/en/ephemerides/donnees/comets/
index.html
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Fig. 1. Distribution of asteroid populations in the Solar System is
illustrated based on their semi-major axes and eccentricities from the
astorb database (lower plot). Upper plot: distribution of the proper
motions for the indicated populations (near-Earth asteroids, NEA;
Mars-crosser, MC; main belt, MB; Trojans; Centaurs; and Kuiper belt
objects, KBO), extracted at a single epoch for all asteroids. The box-
plot displays the minimum and maximum values for each population
(whiskers), as well as the 25% and 75% quartiles (box edges) and the
median proper motion (box center).

first-order approach for the final uncertainty in the position. It is
important to note that all serendipitous detections for comets are
available in the service, but this is beyond of the scope of this
work, which is focused on the study of the output results for the
asteroid sample.

2.2. Imaging data

This section describes the selected input imaging data and its
associated metadata. For the purpose of this work, only the high-
level metadata details describing each data product are required
for the cross-match algorithms. These metadata are publicly
available through each individual ESA archive, either via direct
web access, or via their table access protocol (TAP)'? services.
This protocol was developed within the scope of the Interna-
tional Virtual Observatory Alliance (IVOA) and is aimed at pro-
viding basic access to all public metadata tables set on each
archive or scientific data center.

The standard metadata columns involved in this work are:
the start time of the observation (usually referred to as t_min
in the IVOA Observation Data Model Core Components stan-
dard, or ObsCore standard'?); the end time of the observation
(or t_max); the exposure duration (¢_exptime); and the instru-
ment footprint or field of view (FoV) of the observation in sky
coordinates (s_region).

From the above time metadata columns, we found that the
t_exptime is a more reliable tracker on the total amount of real
exposure time than the time difference between the start and the
end time of the observation. The difference in time is considered

2 http://www.ivoa.net/documents/TAP/
3 http://www.ivoa.net/documents/ObsCore/

to be the total time required to execute the observation, includ-
ing time on source, internal calibrations, slewing, settling, etc. In
other words, this time difference is usually the effective exposure
time on source, plus all the overheads that are required to com-
plete the observation. Hence, the #_exptime metadata was used
for the pipeline cross-match software.

However, as shown in Sect. 4, there are some deviations to
this definition (i.e., exposure duration values longer than time
differences) that can lead to caveats in our catalog. This is true
because, as described in Sect. 3, this work is particularly sensi-
tive to the time information, so any discrepancies between the
published metadata available in the archives with respect to the
real timestamp of the observation will introduce false detections
in our final catalog.

Finally, the high-level metadata information available in each
individual archive is also integrated and available through the
ESASKky server, either from the client interface or through the
TAP protocol from any Virtual Observatory application (e.g.,
TOPCAT!, Taylor 2005). These metadata views are the curated
high-level metadata representation for a given observation, that
is, it provides a single set of metadata (i.e., row entry) per obser-
vation. Thus, these are the final metadata tables used as input in
this work.

ESASky integrates all ESA astronomy high-level metadata
and associated data products and also provides access to other
external facilities (ESO, MAST, and CADC) high-level prod-
ucts via TAP. From the full data set available, three major ESA
missions were included in the first version of the SSOSS: HST,
Herschel and XMM-Newton. The imaging data used from each
mission are described in the following subsections.

2.2.1. HST data

The data used from HST were all available imaging modes and
filters from current and past HST instruments, from the start
of the first HST scientific imaging observations to the last run
of SSOSS (August 17, 1990-July 5, 2019). Imaging data were
used from the following current HST instruments: the Wide
Field Camera 3 (WFC3, 2009-present) in the ultraviolet and
optical (UVIS) channel (200-1000 nm) and infrared (IR) chan-
nel (850-1700nm); the Advanced Camera for Surveys (ACS,
2002-present) in the Wide Field Channel (350-1050 nm), High
Resolution Channel (2001050 nm) and Solar Blind Channel
(115-180nm); and the Space Telescope Imaging Spectrograph
(STIS) in imaging modes using the far-ultraviolet Multi-Anode
Mirco-channel Array (MAMA; 115-170 nm) detector, the near-
ultraviolet MAMA detector (165-310nm) and the optical CCD
(200-1000 nm). Imaging data were also used from the following
past instruments: the Faint Object Camera (FOC, 1990-2002) in
low, medium and high resolution modes (from 122 to 550 nm);
the Near Infrared Camera and Multi-Object Spectrograph (NIC-
MOS, 1997-1999, 2002-2008) in imaging modes using the
NIC1, NIC2 and NIC3 channels (800-2500 nm); the Wide Field
Planetary Camera 2 (WFPC2, 1993-2009), Wide Field Camera
images and Planetary Camera images (115-1000 nm); and the
Wide Field/Planetary Camera (WFPC; 1990-1993), Wide Field
Camera images and Planetary Camera images (115-1000 nm).

2.2.2. Herschel data

The ESA Herschel Space Observatory (Pilbratt et al. 2010)
was launched in April 2009. For almost four years before

4 http://www.star.bris.ac.uk/~mbt/topcat/
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running out of coolant, it observed in the far-infrared and
sub-millimeter regime with two instruments with photometric
capabilities: the Photodetector Array Camera and Spectrometer
(PACS; Poglitsch et al. 2010) with a three-band imaging pho-
tometer (at 70, 100, 160 um), and the Spectral and Photometric
Imaging Receiver (SPIRE; Griffin et al. 2010), operating a three-
band imaging photometer at 250, 350, and 500 pm.

The Herschel observing strategy for photometry observa-
tions on large areas of the sky was based on the scan technique,
as the resulting modulation allowed to reduce the 1/f noise of
the bolometer readout systems on board. The scan-map tech-
nique combines a series of parallel slews together. All the slews
(scan legs) must be the same length and the telescope must come
to a stop after each scan leg before traversing to the starting
point for the next one. The detector array passes over the target
area, while taking data continuously along the scan leg. Further
improvement was achieved by cross-linked scanning at comple-
mentary angles. According to the target visibility window dur-
ing the observation cycle, observers optimized the sensitivity and
sky coverage for their programs by selecting a number of vary-
ing parameters within the Astronomical Observation Template
(AOT): scan-legs number, length, and separation, along with the
scan angle and the scan speed (from 20 to 60" s~!). The SPIRE-
PACS parallel scan mapping observation AOTs were available to
increase the Herschel observatory’s efficiency, thus most obser-
vations presented here were performed in the SPIRE-PACS Par-
allel mode (~62%), followed by the SPIRE Large Scan mode
(~26%).

The SPIRE-PACS parallel scan mode' allowed to obtain
photometry simultaneously in two PACS bands (either 70 or
100 um and 160 um) and all SPIRE bands (250, 350, and
500 pm). Given the large separation of the PACS photometer
and SPIRE photometer footprints (21’), this mode was predom-
inantly used for large maps, for which scan speeds of 20 and
60" were offered. In this mode, the orientation angle was fixed
to the optimum SPIRE orientation angle (at +42.4° and —42.4°
with respect to the focal plane Z-axis, for scan and cross scan,
respectively). In this mode, the onboard Signal Processing Units
averaged 8 consecutive frames, as opposed to the four averaged
consecutive frames in PACS prime mode, resulting in a smearing
of the PACS PSF, particularly for the fast scan speed of 60" s~!.
For the SPIRE large map AOT, users would select between nom-
inal and “fast” scan speeds (30 and 60 " s~!) along the lines. In
cases where the 1/ f noise was not a concern, single orient scans
were possible to attain a larger sky area coverage in stripes up to
20° by 4°.

The assignment of pointing information to the individual
frames by the pipeline assumes a non-moving target. In the case
of SSOs, we need to reassign coordinates to the pixels of each
frame by using the calculated position of the target as the ref-
erence instead of the center of the FoV with each new pointing
request. Therefore, it is necessary to re-process the (Herschel)
images in the object co-moving frame to obtain the appropriate
photometry and ascertain the object’s position.

2.2.3. XMM-Newton data

The XMM-Newton observatory carries several coaligned X-ray
instruments: the European Photon Imaging Camera (EPIC) as
well as two Reflection Grating Spectrometers (RGS1 and RGS2,
Jansen et al. 2001); the latter were not included in this work.

15 More details about the Parallel mode are provided in the SPIRE
Handbook (2018).
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The EPIC cameras consist of two metal oxide semiconductors
(EPIC-MOS, Turner et al. 2001) and one pn junction (EPIC-pn,
Striider et al. 2001) CCD arrays, which have a ~30’ field of
view (FoV) and can offer 5-6" spatial resolution and 70-80eV
energy resolution in the 0.2-10keV energy band. In addition,
XMM-Newton has a co-aligned 30-cm diameter optical/UV tele-
scope (Optical Monitor, OM), providing strictly simultaneous
observations with the X-ray telescopes (Mason et al. 2001). It
has three optical and three UV filters over the wavelength range
from 180 to 600 nm, covering a 17 x 17 arcmin® FoV and a point
spread function (PSF) of less than 2" over the full FoV.

All XMM-Newton cameras are included in the SSOSS cross-
match pipeline and are available through the general service.
However, the catalogues included in the context of this work
are focused on the study of the particular asteroid population;
thus, the analysis and catalog results only include the OM
instrument.

3. Methods

The software used to compute the list of potential detections was
developed with the goal of reducing the cardinality of the geo-
metrical cross-matches needed, thus minimizing the computa-
tional cost. This pipeline is based on Java 1.8 and makes use of
Java Threads to allow the parallelization of the processes.

In the following subsections, we highlight the main steps
from the orbital sampling of sources (Sect. 3.1) to the cardi-
nality reduction of the input list (Sect. 3.2) to the geometrical
cross-match of each orbital path with the observational footprints
(Sect. 3.3).

3.1. Ephemerides sampling

For this sampling, an even time sampling of the apparent posi-
tion of the SSO from each satellite point of view is performed
first and stored locally for a fixed time interval of ten days.
This computation is performed with the Eproc v3.2 suite pro-
vided by IMCCE (Berthier 1998). The time span of this sam-
pling is linked with the life-time of each mission. To take into
account the satellite reference frame for the ephemerides com-
putation, Eproc software was provided via the SPICE spk ker-
nels'® (Acton et al. 2018) with the orbital information for each
mission.

In the case of the HST, this file was publicly avail-
able at NASA’s Navigation and Ancillary Information Facility
(NAIF'7), whereas the XMM-Newton kernel was provided by the
Science Operations Centre (SOC) at ESAC. Finally, the Her-
schel Orbital Element Message (OEM) was produced by the
SOC and converted in-house at the ESDC into the appropriate
SPICE kernel. Table 1 summarizes the status of the kernels used
currently by the cross-match pipeline.

3.2. Cardinality reduction

This second step serves as a fast selection of the potential detec-
tion of candidates per mission data set and reduces the number
of geometrical cross-matches needed in the subsequent step, as
when it is high, it becomes very costly in terms of CPU times
and resources. The position and uncertainty of each object com-
ing from the previous orbit sampling is cross-matched against
the selected data sets imaging footprints.

16 https://naif.jpl.nasa.gov/naif/data.html
7 http://naif.jpl.nasa.gov/pub/naif/HST/
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Table 1. Period covered by the SPICE spk kernels of the space missions
used in this work.

Period

1990/04/26-2019/07/05
1999/12/17-2019/07/05
2009/05/16-2013/07/01

Satellite

Hubble Space Telescope
XMM-Newton Space Telescope
Herschel Space Observatory

28°30'

.
15'

00'

27°45'

5h23m 22" 21m 20™ 9m

Fig. 2. Example of the cardinality reduction step for asteroid (87) Sylvia
against Herschel observation id 1342266670, based on the comparison
among the HEALPix cells representing the maximum position uncer-
tainty of the asteroid (87) Sylvia over the ten-day period (blue dotted
tile), and the HEALpix cells representing the observation footprint in
red (orange tiles). The latter are computed as the HEALpix cells over-
lapping with the smallest circle containing the observation footprint
(dotted red circle). The position of Sylvia at the 7, of the observation
is displayed in blue.

To speed up this selection, this process is based on the
HEALPix (Gorski et al. 2005) tessellation of the sky as illus-
trated in Fig. 2. The HEALPix indices are used to represent
both the sky-path of each object during each time sample and
the observation footprint (representation of the FoV of a given
instrument). The selection of the HEALPix N4 is computed
based on the minimum distance to the object and its maximum
apparent proper motion (Fig. 3). Furthermore, N4, is the num-
ber of pixels per HEALPix side thus proportional to the total
number of hierarchical iso-area pixels, so it can be used to trace
the minimum pixel area required to fulfill the conditions above.

This is a necessary trade-off between the overall time per-
formance of the pipeline and the completeness of the output list
of candidates generated in this step. The more quickly the object
moves in the sky, the lower the HEALPix N4, used (i.e., the big-
ger the pixel areas); thus a greater number of false positives will
be included in the output list of potential candidates and, there-
fore, more computational time will be required then. In other
words, high-proper motion candidates that require HEALPix
Niige =32 will degrade the overall performance of the cardinal-
ity reduction, but it will ensure there will be no real positives left
out in this step.

3.3. Geometrical cross-match

The output list of candidate observations per source undergoes
then a third step: a new precise geometrical cross-match. At this
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Fig. 3. Decision tree depicting the selection of HEALPix order based
on the minimum distance (d;,) of the SSO to the satellite (first deci-
sion level) and on the maximum distance (dy,) the SSO is expected
to cover based on its theoretical proper motion (pm) during the time
period sampled, where At = 10d (second decision level). Here, dp,x is
compared to the diameter size for each HEALPix order (D5, Des, D32).
An initial pre-selection process of ephemeris based on a CEU threshold
of 1deg is performed.

stage, the position of each object is re-computed to the exact
start time and duration of the observation and the cross-match
is performed against the observation footprint (FoV). There are
three possible scenarios or cross-match types included and pro-
vided to the final user as illustrated in Fig. 4: type I: the position
of the SSO is not included in the observation footprint, but the
uncertainty of the position overlaps with the footprint polygon or
contains the footprint polygon; type 2: the position of the SSO
lies within the observation footprint; fype 3: none of the SSO
predicted positions (start time, end time) nor their uncertainties
overlap with a FoV, but the path followed from the start to the
end position does cross the FoV of the observation.

This categorization allows for an easy selection of the poten-
tial detection candidates for final inspection by the user, namely,
the type 2 detection should certainly be included in a particular
observation, given the object apparent magnitude remains below
the limiting magnitude for the observation, whereas type 1 and
type 3 detections are linked to the position uncertainty or to the
expected source path overlapping the footprint during the time of
exposure; thus the certainty of a real detection is lower. A more
detailed description of the algorithms included for each of the
cross-match types is included in Appendix A.

The geometrical cross-match is performed by a Java thread
taking as input a set of orbital parameters, belonging to a partic-
ular source, and the output list of potential cross-matched obser-
vations for this particular object, generated by the pipeline itself
in the previous step (Sect. 3.1). This thread goes sequentially
thr