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ABSTRACT

Oct 2020

Context. Since July 2014, the Gaia mission of the European Space Agency has been surveying the entire sky down to magnitude 20.7
in the visible. In addition to the millions of daily observations of stars, thousands of Solar System Objects (SSOs) are observed. By
comparing their positions, as measured by Gaia, to those of known objects, a daily processing pipeline filters known objects from
'D—_potential discoveries. However, owing to Gaia’s specific observing mode, which follows a pre-determined scanning law designed for
stars as fixed objects on the celestial sphere, potential newly discovered moving objects are characterized by very few observations,
Lu acquired over a limited time. Neither can those objects be specifically targeted by Gaia itself after their first detection. This aspect
= was recognized early in the design of the Gaia data processing.
Aims. A daily processing pipeline dedicated to these candidate discoveries was set up to release calls for observations to a network
| of ground-based telescopes. Their aim is to acquire follow-up astrometry and to characterize these objects.
O Methods. From the astrometry measured by Gaia, preliminary orbital solutions are determined, allowing to predict the position
> of these potentially new discovered objects in the sky accounting for the large parallax between Gaia and the Earth (separated
by 0.01au). A specific task within the Gaia Data Processing and Analysis Consortium (DPAC) has been responsible for the
distribution of requests for follow-up observations of potential Gaia SSO discoveries. Since late 2016, these calls for observations
b= (nicknamed alerts) are published via a Web interface with a quasi-daily frequency, together with observing guides, freely available
to anyone world-wide.
. Results. Between November 2016 and the end of the first year of the extended mission (July 2020), over 1700 alerts have been
published, leading to the successful recovery of more than 200 objects. Among those, six have provisional designation assigned
with the Gaia observations, the others being previously known objects with poorly characterized orbits, precluding identification
at the time of Gaia observations. There is a clear trend for objects with a high inclination to be unidentified, revealing a clear bias
in the current census of SSOs against high inclination populations.
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1. Introduction view separated by a wide angle (the Basic Angle) of 106.5°,
during a continuous scan at a constant rate (period of 6 h).
The practical realization (e.g., pixel scale, binning) implies
a widely different astrometric precision between the “along
scan” (AL) direction (tangent to the great circle scanned
by the rotation) and the perpendicular “across scan” (AC)
direction.

Multiple transit observations of the same portion of the
sky, with varying scanning directions, are therefore required
to measure the positions at the required pas precision. This

The main science driver of the European Space Agency
.— (ESA) Gaia astrometric mission is the study of the struc-
>< ture and the dynamics of the Milky Way (Perryman et al.
2001). Building upon the heritage of HIPPARCOS, Gaia
was designed to conduct a survey of the full celestial sphere
(Brown et al. 2016), at an absolute precision of 25 micro-
arcseconds (pas) for the parallax for V=15 mag, solar-type
stars, and 13 pas/yr for the proper motion. Gaia’s on-board

v:2010

image processing detects and measures all celestial sources
brighter than ~20.7 mag in G, Gaia wide visible filter (Jordi
et al. 2010). It also measures the photometry in the G filter
and low-resolution spectroscopy for all sources.

To achieve such accuracies, Gaia eliminates systematic
errors by adopting the same strategy as its predecessor HIP-
PARCOS, i.e., by measuring simultaneously with high pre-
cision the epochs of transit of all sources in two fields of

is realized through the precession of the spinning axis' in 64
days, always pointing 45° away from the Sun. The so-called
Astrometric Global Iterative Solution (AGIS) produces the
astrometric model of the whole sky, corresponding to the
combination of all star positions and proper motions, plus
calibration parameters. For a complete description of the

! which is anyway required to cover the entire celestial sphere.
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satellite and its operation we refer the interested reader to
Prusti et al. (2016); below we summarize some features that
are relevant for the present work.

The two 1-m telescopes of Gaia are mounted on a struc-
ture pointing to the two fields separated by the Basic Angle,
and produce an image on a single focal plane. The CCDs
composing the focal plane operate in Time-Delayed Inte-
gration mode (TDI), in which electrons are moved from
pixel to pixel at the same rate as the sources (hence the
photo-electrons) drift along the CCD pixel lines (i.e., the
AL direction).

Gaia’s focal plane contains several instruments, each
corresponding to different “strips” of 7 CCDs each. First,
the SkyMapper (SM) instrument identifies the sources from
each telescope and discriminates their origin between the
two fields of view, by two CCD strips. It is followed by
nine CCD strips for astrometry (the Astrometric Fields,
AFs). Hereafter, observations refer to the positions on each
of these 9 CCDs, while transit encompasses these observa-
tions, as in Spoto et al. (2018). Then two strips provide slit-
less low-resolution spectroscopy, splitting the visible spec-
trum in a blue and a red component, named BP and RP
(Riello et al. 2018). A more restricted portion of the fo-
cal plane is devoted to the three CCD strips of the radial-
velocity spectrometer RVS (Cropper et al. 2018), collecting
high-resolution spectra of bright stars (V<17). With each of
these 16 CCD strips containing 7 CCDs (except the 3 RVS
strips with only 4 CCDs each) and a few technical CCDs,
Gaia’s focal plane is the largest ever operated in space in
terms of the number of pixels.

The resulting large data volume poses a challenge for
the telemetry. Since the start of its operations in July 2014,
Gaia has been located at the Sun-Earth L2 Lagrangian
point (0.01 au from the Earth). Upon detection by the SM,
only small windows around each source are tracked along
the focal plane. Most frequently, these windows have 6x12
pixels? only. Most of them are also binned in the AC di-
rection so that only a unidimensional signal is transmitted
to the ground. A notable exception is for sources brighter
than G<13, for which larger 2-D windows are preserved.

All the aforementioned characteristics of Gaia have
strong consequences on its observation of Solar System Ob-
ject (SSO) transits such as:

e Source tracking on the focal plane follows closely the
rate of stars. For this reason, SSOs may drift with re-
spect to the centre of the assigned windows in the AF,
and ultimately leave it if the apparent velocity is large
enough. A typical main-belt asteroid drifts by 1 pixel in
AL during a transit over a single CCD (4.4 s) if it moves
at a typically rate of 13 mas/s along the same direction.

e The motion of the SSOs produces a distortion of the
signal, the shape of which is no longer well-represented
by a pure stellar point-spread function.

e As a consequence, the astrometric and photometric pro-
cessing must be adapted to cope with the resulting flux
loss, variable and increasing over the transit.

e Fach measured position of an SSO is strongly con-
strained in the AL direction (at the 0.1-20 mas level,
depending on the astrometric solution used to reduce
the data, see below) but much worse in the AC direc-
tion (~ 600 mas).

2 The angular size on the sky of the pixels of the Astrometric
Fields is 59x 177 mas.
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e The identification of SSOs, due to their motion relative
to stars, cannot be determined by the internal cross-
matching of sources (which is the root of the creation of
the stellar catalog, Fabricius et al. 2016) but must rely
on a specific processing requiring an external catalogue
of orbits.

The potential for Solar System research of the absolute
and extreme-precision astrometry, photometry, and low-
resolution spectroscopy of Gaia was recognized early on
(Mignard et al. 2007). Furthermore, early estimates con-
sidering the limiting magnitude of Gaia and the complete-
ness of SSO catalogs, predicted about a hundred discoveries
of SSOs per week (mainly main-belt asteroids, with poten-
tially a couple of near-Earth asteroids, and no objects in
the outer Solar system: Mignard et al. 2007; Carry 2014).

While large ground-based surveys (e.g., Pan-STARRS,
Catalina Sky Survey, Legacy Survey of Space and Time)
are expected to discover and gather multiple observations
of most objects, the specific location of Gaia and the small
solar elongation (45°) reached by its observations allows
the discovery of near-Earth asteroids (NEAs) with small
aphelion distances.

Within the Gaia Data Processing and Analysis Con-
sortium (DPAC), the potential for SSO discoveries led to
a specific workflow for SSOs, consisting in two chains. A
short-term processing pipeline (named SSO-ST) runs daily
to identify SSOs in the latest (72h) transits (Tanga et al.
2016), and to trigger follow-up observations from the Earth.
A ground-based follow-up network of telescopes (Gaia-
FUN-SSO) was established to ensure observations and con-
firm Gaia discoveries (Thuillot & Dennefeld 2018). The
long-term processing pipeline, named SSO-LT, benefiting
from the full global astrometric solution of Gaia, runs on
longer timescales to produce the catalogues with the best
astrometry, photometry, and spectroscopy of SSOs for the
various Data Releases (DRs, of which the first with SSOs
was Gaia DR2, see Spoto et al. 2018).

We focus here on the results of the SSO-ST over the
course of the Gaia nominal mission (July 2014 — July 2019)
and the first year of the extended mission (July 2019 — July
2020). The article is organised as follows. Section 2 sum-
marizes the main steps of the daily processing (beyond the
description of the chain provided by Tanga et al. 2016).
Section 3 presents the system through which calls for ob-
servations of potential discoveries are released. The network
of ground-based telescopes is presented in Section 4, and a
summary of the successful SSO recoveries in Section 5. We
discuss the orbital properties of the alerts in Section 6.

2. The SSO-ST daily processing

We briefly summarize the daily processing of Gaia observa-
tions in the framework of the SSO-ST. For a full description
of the pipeline, we refer to Tanga et al. (2016) and Gaia
documentation®. We focus here on its differences with the
long-term processing, which is thoroughly documented in
Spoto et al. (2018).

An Initial Data Treatment (IDT) of the Gaia data is
performed upon reception on Earth (Fabricius et al. 2016).
After obtaining the signal parameters that describe the po-
sition of a source on the focal plane at the observing epoch,

3 nttps://gea.esac.esa.int/archive/documentation/
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Fig. 1: Simplified workflow from Gaia observations to alert
dissemination, reporting to the Minor Planet Center, and
update of astorb, the database of orbital elements used for
the identification.

IDT uses a preliminary great-circle attitude solution to
derive its position on the sky, and executes a first cross-
matching to sources previously observed. Typical sources
that fail cross-matching are either artifacts (e.g., cosmic ray,
diffraction spikes from bright sources, spurious detections),
sources at the limit of detection (detected only on certain
transits), or transients such as genuine moving objects from
our Solar System. The position of the latter always changes
on the sky. In these cases, the unmatched sources are re-
moved from the main stellar data processing, and are avail-
able for a special processing for SSOs (Figure 1).

The first task of this processing is to identify if the
source corresponds to a known SSO (task performed by
the Development Unit DU452 of Gaia DPAC). Potentially,
all unmatched sources are SSO candidates. However, SSOs
constitute a very minor fraction of all the sources continu-
ously transiting the focal plane of Gaia. By taking a some-
what optimistic number of 350,000 asteroids that Gaia can
observe during the entire duration of its mission, Gaia ob-
serves on average 1 SSO for every 4,000 stars. It is clear
that any inefficiency in the IDT cross-matching for stars
can produce an overwhelmingly large number of false SSO
detections (for instance, at a 99.9% efficiency, there are 4
unmatched stars for each genuine SSO).

Furthermore, a very large number of contaminants at
the CCD level was found to heavily populate the sample
of unmatched detections, making the task of SSO iden-
tification impossible without appropriate cleaning of the
data set. The appropriate filtering was made possible by
introducing in IDT the computation of the AL velocity of
the source (and AC whenever possible) on the focal plane.
All sources without a detectable motion are discarded. The
threshold is dynamically adjusted on the base of the veloc-
ity distribution for each 1-day data chunk and is typically
of the order of +2mas/s.

For an object that passes through the filter, its positions
are checked against the predicted positions of known SSOs
at the corresponding epochs. Weekly, the catalogue of oscu-
lating orbital elements of the minor planets astorb? (Bow-
ell 2014; Bailen et al. 2020) is updated, the ephemerides for
all SSOs are pre-computed and stored in a database (this
is a version of the SkyBoT software dedicated to Gaia, see
Berthier et al. 2006, 2016, for more details). If not linked
with a known SSO, the source may still be either a known
SSO with a poorly characterized orbit (which precludes

4 Based on the world-wide catalog of observations maintained
at the Minor Planet Center (MPCAT-OBS, Rudenko 2016).

identification), an unknown SSO, or an artifact as listed
above. Because the identification relies on an external cat-
alogue, it is crucial to keep the latter up to date. Similarly,
any bias in the current census of SSO populations will affect
the identification.

A suite of different tasks are then performed in chain
on each unidentified source. The suite of observations (i.e.,
SM+AF, up to ten) defining a transit is converted into sky
coordinates by DU454, after being subjected to a quality fil-
tering to mitigate the distortion effects, due to the motion,
on the accuracy of the centroid determination (DU453).
The only attitude (the transformation from pixel coordi-
nates to sky coordinates) available hours after the obser-
vations is the poor (by Gaia’s standards) Ogal attitude,
containing many irregularities. One of the tasks of DU454
is to smooth the attitude and remove these irregularities,
which is necessary to check whether a linear motion in the
sky can be fit to the transit. The obtained smoothed atti-
tude has typical uncertainties of 25 mas in AL and 40 mas
in AC, which is still much larger than the uncertainties on
the high-quality Oga3 attitude that will be determined by
AGIS, months later (hence too late to be used for alerts) for
the data releases. Next, DU454 will try to fit a linear mo-
tion on all positions of a transit, and remove those that do
not fit on the linear motion, and that are either of too bad
quality, or not detections of the SSO. If no linear motion
can be fit at all on the transit, the entire transit is rejected,
and is supposed to be a contaminant.

A procedure (DU455) then attempts to link together
transits, in order to identify which ones belong to the same
source. Based on current census of asteroids, their typical
apparent motion on the sky as a function of solar elongation
(the most important parameter for this task) is determined.
The linking procedure then performs an efficient search to
find all possible links that satisfy this typical motion. The
result is further filtered on similarity of the measured appar-
ent magnitude, and compatibility of the apparent motion
with the instantaneous velocity produced by IDT. This pro-
cess is applied daily on the last 48 hours worth of data. Once
at least two transits are linked together, the source may be
a genuine moving object. However, a few transits by Gaia
(two or three only, in 45% and 10% of the cases, providing
less than 6h of observations, Tanga 2011) are not enough
to compute an accurate orbital solution. The uncertainty
associated to these preliminary orbit solutions are inversely
proportional to the number of transits (Figure 2).

A short-arc solution, valid for a limited interval of time,
is, however, required for ground-based follow-up, which is
essential to secure the orbit. The proximity of SSOs com-
pared to the Earth-Gaia distance implies large parallaxes:
from an arcminute for the distant Kuiper belt at 30 au from
Gala to over a degree for nearby (less than 0.5au) Mars-
crosser and near-Earth asteroids. Because the distance of
SSOs is unknown upon first observation, the parallax can-
not be accounted for to convert the coordinates measured
by Gaia into Earth-based coordinates. Preliminary orbits
based on Gaia short arcs are thus computed within the
SSO-ST (in the processing unit named DU456) to allow
short-term predictions (Muinonen et al. 2016) and to guide
ground-based observations. These preliminary orbits are de-
termined through a random-walk independent sampling of
ranges of SSOs. This provides 2000 candidates orbits (rep-
resented by Keplerian elements) for each new source. We
refer to Fedorets et al. (2018) for details.
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Fig. 2: Area on sky (present as 25-50-75% whiskers and 3 ¢
min,max) covered by the preliminary orbits as function of
the number of Gaia transits used. The gray numbers a the
top correspond to the number of alerts released with the
associated number of transits.

These short-term orbital elements, improved by ground-
based follow-up, adds enormous value to Gaia observations.
First, without follow-up observations, these Gaia observa-
tions are “lost” as they cannot be linked with any known
object. Second, without an orbit, the observed properties
(position, apparent G magnitude, BP and RP spectra) of
these asteroids cannot be appropriately studied or under-
stood in the context of SSO populations. Such situations
can arise in modern surveys and can lead to a significant
loss of valuable data. As a matter of example, the latest
release (2008) of the moving object catalog of the Sloan
Digital Sky Survey (Ivezié et al. 2001) contains over 470,000
observations of moving objects of which only about 220,000
are linked with known SSOs.

The SSO-ST was set up to avoid such a situation. Its
main goal is to release calls for observations (alerts) of
these unidentified sources, allowing for observations from
the Earth and hence the determination of a preliminary
orbit, and update of the database of orbits (Figure 1).

The pre-launch plans for the SSO-ST were to process all
SSOs with at least two transits by Gaia. The majority of
cases represent the situation where only two transits exist
for an object. However, the spread of orbital solutions for
these cases typically results in a large spread of solutions
on the sky. This renders any follow-up efforts unfeasible.
Therefore, we operate the pipeline for objects with a mini-
mum of three transits (Figure 2).

3. The alert release interface

An interface to release the calls for observations (alerts) to
the community of observers was set up. This is the last task
of the SSO-ST (DU459), the workflow of which is described
in Figure 3.

All sources are treated independently. For each, the geo-
centric ephemerides of the 2000 orbits are computed for 30
days starting at the current epoch, with a time step of one
day. At each computed epoch, the different orbits result in a
cloud of different positions on the sky. The median position
with the estimated apparent velocity vector, the convex hull
of the cloud, and its angular surface are computed at each
time step, and stored in a database.
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Fig. 3: Simplified workflow of alert processing and diffu-
sion. Alerts are selected based on geocentric ephemerides.
For each alert below the area threshold, topocentric
ephemerides are computed for each observatory in the sys-
tem. All ephemerides are stored in a database which is used
by the Web pages.

Fig. 4: Example of the sky view of alerts with AladinLite.
The red polygons correspond to the convex hull of the cloud
of predicted position at different dates, and the blue square
represents the field of view of the device defined by the user
(only available upon registration).

Given the spread in the initial orbital elements, the dis-
persion of the cloud of predicted positions increases over
time. When the search area has grown beyond a certain
size, a very large field of view or a time-consuming search
strategy would be required. For this reason, the alerts are
considered to be valid only between the epoch of computa-
tion and the epoch at which the area on sky becomes larger
than five square degrees. If at the first epoch, the area is
already larger than this threshold, the corresponding alert
is skipped and the pipeline processes the following entry in
the alert list.

Topocentric ephemerides (for each observatory regis-
tered in the system, see below) are then computed. The
time step and duration of prediction are adapted to each
observatory, according to each user’s preference (i.e., max-
imum search area on the sky). Similarly to the geocentric
ephemerides, the area, median position, and convex hull of
the cloud of predictions are computed for each alert, obser-
vatory, and time step; and stored in a database.

All these predictions are published online through a
suite of online portals®. A public page lists all the alerts
whose area is smaller than one deg? and the apparent
magnitude brighter than V=21, based on their geocentric
ephemerides. For each alert, the dates of release and end

® nttps://gaiafunsso.imcce.fr/
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of validity are given, together with an identifier®, the pre-
dicted median Right Ascension and Declination, area, and
apparent magnitude. The details of each alert are accessi-
ble on specific pages, in particular a display of the convex
hull of the predictions at each time step with AladinLite
(Figure 4, Bonnarel et al. 2000).

These geocentric predictions are available to everyone.
More functionalities are, however, provided to registered
users. Anyone can register for free to the system, by fill-
ing a simple form. Upon registration, users can easily list
their observing devices (i.e., observatories). The main char-
acteristics of each device are its location on Earth (either
by entering its longitude, latitude, altitude, or IAU MPC
observing code”), its field of view, and the thresholds in
apparent magnitude and area on sky to consider for alerts.
Hence, for registered users, the list of alerts proposed by
the Web pages contains only those fulfilling the user’s ob-
servability criteria: apparent magnitude brighter than the
threshold, area on sky smaller than the threshold, decli-
nation observable from the observatory. Furthermore, the
pages presenting the details provide additional features:

e the AladinLite sky view shows the field of view of the
device, to help preparing the observations (Figure 4);

e the convex hull at each time step can be downloaded (to
be used in Aladin or user in-house software);

e a simple page is proposed to observers to report on the
status of their observation (success or target not found).

4. The Gaia-FUN-SSO ground-based network

As explained in Section 2, the necessity of follow-up ob-
servations from ground-based stations was recognized early
on. Two aspects, closely related to the specificity of Gaia,
required multiple stations, widely spread over the globe to
cover a large range of longitude and latitude. First, Gaia
is an all-sky surveyor, hence requiring follow-up stations in
both the northern and southern hemisphere. Second, the
strong yet unknown parallax between Gaia and the Earth
carries a significant uncertainty on the sky coordinates of
any new detections (Bancelin et al. 2012), which increases
with time (Figure 5). Observations as early as possible after
detection by Gaia are therefore more likely to succeed than
delayed ones, calling for a wide coverage in longitudes.

Before the launch of Gaia, efforts were conducted to
build this large network. The early assessment of the mag-
nitude range of potential discoveries opened the possibility
of alerts observable with modest apertures (0.5 to 1m).
Our requests for volunteers were warmly received, and over
150 participants, including amateur astronomers, had reg-
istered in the alert release system by the time of Gaia’s
launch. We consolidated and interacted with the network
of volunteers (observations were to be conducted on the
best-effort basis) through three workshops, held in Paris
Observatory in 2010, 2012, and 2014 (Tanga & Thuillot
2010, 2012, 2014). We also trained the network to react to
alerts by releasing calls for observations on NEAs (Thuillot
et al. 2015).

5 The nomenclature is gYwNNN, with Y the year of Gaia oper-
ations, w the week of the year, NNN the incremental number of
alerts in that week.

" http://vo.imcce.fr/webservices/data/
displayIAUObsCodes.php

Count

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Search area evolution rate (deg?/day)

Fig. 5: Distribution of the growth rate of the search regions,
in deg?/day, for all alerts released since November 2016.
The median growth rate is 0.06 deg? /day with a standard
deviation of 0.08 deg?/day.

However, the contribution of the network has been con-
centrated in only a few observatories since 2016, with fewer
detections per week than foreseen. First, between the early
assessment of the Gaia capabilities for SSOs in 2007, the
start of the Gaia operations in 2014, and the effective daily
processing of alerts in November 2016 (see below), wide
surveys (Pan-STARRS, WISE) had discovered most of the
SSOs observable by Gaia (V <20.7). The bulk of alerts
hence corresponds to objects fainter than V 20, seldom
brighter (Figure 6). Telescopes larger than typically 1 m are
therefore required, and cameras with large field of views are
favoured, which strongly limits the potential contribution
by amateurs. Second, the areas to search within increase
with time due to the lack of constraints on the short-term
orbit (Figure 5, Figure 7). Owing to delays from the ob-
servation on-board to the downlink to Earth, to the ini-
tial data treatment and finally to the many steps in the
SSO-ST, alerts are released at the earliest about 48 h after
the observations. The area and its evolution with time are
strongly tied to the number of transits observed by Gaia.
With increasing delay, it is often required for observers to
scan the area to search with multiple exposures as it be-
comes larger than their instrument field of view.

Although that fact limited the kind of facilities partic-
ipating to the network, the numerous discoveries by other
surveys did not reduce the interest in the SSO-ST. First,
Gaia, being an all-sky survey observing at solar elongation
between 45°and 135°, provides the opportunity to discover
SSOs in region of the sky poorly covered by ground-based
telescopes. Second, SSOs with poorly characterized orbits
are likely not recognized and hence are processed by the
SSO-ST as new sources. Observations by the network pro-
vide new constraints which improve their orbit, allowing
the MPC to link them with known SSOs, and hence a sub-
sequent identification by Gaia or by ground-based observa-
tories.

5. Results

Soon after the start of Gaia’s regular operations in Septem-
ber 2014 8, the SSO-ST faced several issues, which did

8 The scanning law during the first three months, called Eclip-
tic Pole Scanning Law (EPSL), was different (Clementini et al.
2016)
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counted in days since Gaia observations.

not show up in the pre-launch simulations. The major is-
sue which delayed the release of alerts was the number of
contaminants, several orders of magnitude above expecta-
tions. Filtering these contaminants required several cycles
of tests and adaptations of the SSO-ST pipeline, so that
the pipeline became fully functional no earlier than Novem-
ber 2016, which is a delay of 24 months with respect to
the expectations. Since then, the pipeline has been very
robust, running continuously on the computation facilities
of CNES, in Toulouse, France, with the exception of a few
technical breaks. It has also proved to produce a clean set of
alerts in the output, effectively rejecting the contaminants.

Since the start of the automated operations, more than
1700 alerts have been released. Observations from the
ground have been performed for almost 250 of them, leading
to the successful observation of 227 Gaia discovery candi-
dates. Most of these observations were performed by a small
number of observatories (Table 1) and an even smaller num-
ber of astronomers (the observations at C2PU, OHP, and
LCOGT being carried out by the same observers, within
a concerted effort to follow-up alerts from Gaia, for SSOs
as described here but also photometric alerts, e.g., Simon
et al. (2019)).

This limited number of participants with respect to the
large network built before launch, is the result of two effects.
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Fig. 8: Distribution of the angular distance between the

predicted median (RA,Dec) coordinates and the observed

position measured from the ground.

First, the delay between the launch of Gaia and the start-
ing date of alert releases lowered the interest of observers in
the alerts. Second, the distribution of apparent magnitude
and area of sky (Figure 6 and Figure 7) limited the partic-
ipants to those using large aperture telescopes with optical
configurations providing large fields of view.

As such, most of the ground-based follow-up has been
performed by the co-authors of the present article. Early
observations were mainly performed at the OHP 1.2-m
telescope, of which field of view (12'x12’) seldom covered
the entire search region. Hence, we had to scan the search
area with multiple exposures, slowing the process. We soon
started to use the C2PU 1-m telescope, whose field of view
(38'x38') was more adapted to our needs. The successful
recovery of the alerts g1P024 and gl1j03C (2012 VRss), at
these telescopes in 2017 showed the pipeline was delivering
real SSO alerts which could be confirmed from the ground,
starting from the receipt of alert and up to almost ten days
after (Carry et al. 2019).

While the number of recoveries increased, we noted that
most objects are found well within the search area, on aver-
age at only 3’ from the median of the predicted coordinates
(Figure 8). In other words, the area in the sky of alerts can
be large, but the reported medians (RA,Dec) are good esti-
mators of the positions. Therefore, we continued to observe
with the 1.2m at the OHP. Following these first recover-
ies, the number of successfully observed alerts dramatically
increased with the use of the Las Cumbres Observatory
Global Telescope (LCOGT) network, which offers 1-m tele-
scopes with large fields of view (27'x27") spread worldwide,
hence perfectly adapted to the distribution of alerts on the
celestial sphere (Figure 9) and to the large search area.

Before sending ground-based astrometry to the MPC,
we always test whether the observation indeed corresponds
to the object detected by Gaia. To this end, we compute an
orbit based on both the Gaia transits and the ground-based
astrometry (the latter measured with the Gaia Ground
Based Optical Tracking software, Bouquillon et al. 2014).
We use a modified version of 0rbFit (Orbfit Consortium
2011), used to validate the astrometry of SSOs in Gaia DR2
(Spoto et al. 2018).

The MPC has been collecting the minor planet astrom-
etry acquired worldwide for decades. Upon reception of as-
trometry of a unidentified object, such as a Gaia alert, the
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Table 1: Most-participating observatories of the network, with their numbers of detection (up to July 2020).

Observatory Code Country Apert.(m) Detections
Observatoire de Haute Provence (OHP) 511  France 1.2 44
C2PU, Observatoire de la Cote d’Azur) 010  France 1.0 23
Terskol Observatory B18  Ukraine 0.6 & 2.0 27
Kyiv Comet station 585  Ukraine 0.7 21
Odessa Mayaki Observatory 583  Ukraine 0.8 18
Abastumani Observatory, Tbilisi 119  Georgia 0.7
V37 USA 1.0
V39 USA 1.0
W85  Chile 1.0
WS i
W87  Chile 1.0
Global . 113
Telescope Q63 Austral}a 1.0
Network Q64  Australia . 1.0
K91  South Africa 1.0
K92  South Africa 1.0
K93  South Africa 1.0

MPC tries to link it with known objects, based on its ob-
servation database, including its unpublished part. Several
cases are possible: the alert can correspond to a new ob-
ject never observed before, an object recently detected by
another observatory and not yet ingested in the astorb
database, or a known object with a poorly determined or-
bit (which precluded its identification within the SSO-ST
and from the ground).

The MPC is the sole international organization collect-
ing astrometry, and we entirely rely on it to know if the
Gaia alerts were hitherto unknown objects or recoveries of
newly /poorly characterized SSOs. The results® page of the
Gaia-FUN SSO Web interface lists the designations of all re-
covered alerts. Of the 250 follow-up observations, 139 have

 https://gaiafunsso.imcce.fr/stats/network.php

received a designation, but only 6 are attributed to Gaia
(2018 XLogg, 2018 XLy, 2018 YKy, 2018 YMy, 2019 CZ,
2019 HO,). However, the others were poorly-characterized
SSOs, and their observation in the context of the Gaia-
FUN-SSO drastically improved their orbital elements.

6. Orbital distribution

We use the designations assigned by the MPC to retrieve
the orbital elements of the SSOs that led to alerts. We com-
pare their distribution in semi-major axis, eccentricity, and
inclination in Figure 10.

As of July 2020, all the recovered Gaia alerts concerned
main-belt asteroids. Considering that 139 alerts were as-
signed a designation and that the incidence of NEA was ex-
pected to be 1-2%, it is not surprising. Moreover, the SSO-
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Fig. 10: Comparison of the distribution of the detected asteroids with the current census of SSOs as represented by the

astorb database.

ST may be biased against NEAs for several reasons. First,
as NEAs present a higher apparent motion than main-belt
asteroids, they will smear and move faster outside the trans-
mitted windows. Their transits will hence contain less ob-
servations, which may lead to rejection of the transit at the
DU454 level. Second, their motion combined with the Gaia
scanning law may result in fewer overall transits, leading
to more rejections of NEAs at the DU459 level. We can,
however, attest the SSO-ST capability of processing NEAs:
we tested it with known NEAs, and it successfully led to
simulated alerts (not released).

Regarding the distribution of orbital elements, the sam-
ple of alerts is different from the current census of asteroids,
taken from astorb. By applying 1D Kolmogorov-Smirnov
test on semi-major axis, eccentricity, and inclination in turn
(Figure 10, top line), to test whether the distribution of
alerts and astorb are similar, we find it highly unlikely
that the distributions are similar, since the K-S p-values
are 1074, 1079, and 10732 respectively, well below the typ-
ical threshold of 0.2 for similar distributions.

The alerts are typically located in the outer main-belt,
and have more inclined and more eccentric orbits than the
known population (Figure 10, bottom line). There is a weak
correlation between semi-major axis and inclination (hence
alerts are preferentially for high-inclined outer main belt
asteroids).

The outer main belt being further, and populated by
darker asteroids than the inner parts of the belt, its com-
pleteness at a given size is lower (DeMeo & Carry 2013).
The bias in the current census against high-inclination or-
bits has already been reported by Mahlke et al. (2018),
based on deep images obtained by the KiDS survey. Here,
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the distribution of alerts clearly skewed towards high in-
clinations, highlights the strength of Gaia’s all-sky survey.
With the final release of SSO catalogue by Gaia, efforts to
debias the current census of SSOs will be possible.

7. Conclusion

Since the beginning of Gaia’s operations in 2014, a spe-
cific pipeline has been running daily to process unidenti-
fied Solar System Objects observed by Gaia. Since 2016,
about 1700 calls for observations, called alerts, have been
released to trigger ground-based follow-up observations of
these unidentified objects. Among these, 250 recovery ob-
servations have been attempted, resulting in the detection
of 227 of them. Their astrometry has been sent to the Minor
Planet Center, which assigned a preliminary designation to
139 of these objects, including six attributed to Gaia. The
orbital distribution of these alerts confirms the bias in the
current census of the asteroid population against highly in-
clined objects. This bias is even more pronounced in the
outer asteroid belt.

The daily processing pipeline is still running and will
continue until the end of Gaia’s operations, that have been
extended to the end of 2022 by ESA, and possibly until end
2024 (approval pending).
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