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ABSTRACT

The goal of impact monitoring is to determine whether a
near-Earth object could possibly impact the Earth or not.
It is essential to perform this activity as soon as new ob-
servations are released, in order to improve the orbit of
possibly impacting asteroids by a quick follow-up cam-
paign. Here we introduce Aegis, an automated orbit de-
termination and impact monitoring system developed by
SpaceDyS s.r.l. under ESA contracts, and operated by the
ESA NEO Coordination Centre.

Keywords: near-Earth asteroids; impact monitoring;
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1. INTRODUCTION

One of the main goals of the ESA NEO Coordination
Centre (NEOCC) is the computation of the orbits of near-
Earth objects (NEOs) and their probability of impact
with the Earth. These activities are carried out by the
Risk Assessment Pillar, one of the three pillars of the
ESA Planetary Defence Office (PDO) [1]. To achieve
this goal the NEOCC operates Aegis, an automated or-
bit determination and impact monitoring system devel-
oped by SpaceDyS s.r.l. through industrial contracts
from ESA. This system is completely independent from
the Sentry and Clomon-2 systems, operated by NASA
and NEODyS, respectively. The Aegis system updates
the local astrometric database by checking the observa-
tions issued by the Minor Planet Center (MPC) on a

daily basis, and provides a catalog of NEOs which com-
prises orbits with their uncertainties, some physical prop-
erties, observations and residuals, close approaches, and
ephemerides.

More importantly, it computes the impact probabilities
of NEOs in the next 100 years, and the results are col-
lected in the so-called Risk List. When the impact proba-
bility is high enough, the software is able to compute the
related impact corridor. All the data generated by Aegis
is publicly available at the NEOCC web portal1.

In addition, Aegis is used to produce the input of sev-
eral tools and services available on the portal, such as all
the tools of the NEO Toolkit, and the ephemerides gener-
ation service. Aegis also supports several additional ac-
tivities carried out at the NEOCC, and it will be used for
the observation scheduling of the Flyeye telescope.

2. ORBIT DETERMINATION

The orbital elements of an asteroid are computed by fit-
ting the astrometrical observations to the predictions cal-
culated with a dynamical model. The fit is performed
with a least-square method aimed to minimize the resid-
uals, i.e. the differences between the observations and
the simulated predictions. In Aegis, the solution of the
minimum problem is computed with a differential correc-
tion algorithm. The differential corrector is also endowed
with an automatic procedure for the rejection of outliers
observations, that are not taken into account in the final
fit. The orbit determination procedure makes use of an
astrometric error model based on [2]. Initial conditions

1https://neo.ssa.esa.int/
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for the differential corrector can be either retrieved from
the MPC catalog, or computed from scratch by using the
Gauss or Laplace initial orbit determination methods, that
are implemented in Aegis. Details of the algorithms im-
plemented in the software can be found in [3].

The dynamical model used in the orbit determination
and propagation includes the gravitational attraction of
the Sun, the eight planets, the Moon, the 16 most massive
main-belt asteroids, and Pluto. The software makes use
of the JPL Planetary and Lunar Ephemerides DE441 to
retrieve the positions of massive objects. In addition, the
parameterized post-Newtonian relativistic contributions,
and the oblateness of the Sun and the Earth are added
to the force field. Non-gravitational forces, such as the
Yarkovsky effect and the solar radiation pressure, can
also be added to the dynamical model in special cases,
and their magnitude can be estimated through the orbit
determination process.

The propagation of the orbit of an asteroid is performed
with a multistep predictor-corrector integration scheme.
The general strategy for the propagation is to split it into
a sequence of local propagations [4]. Each local propaga-
tion computes the solution of a perturbed two-body prob-
lem, with a certain primary body of attraction. When the
object gets sufficiently close to a third body, that body
becomes the new primary and another local propagation
is started. During planetary close approaches the prop-
agation is carried out by using the Kustaanheimo-Stiefel
regularization [5], in order to reduce the numerical error.

3. IMPACT MONITORING

The aim of impact monitoring is to understand whether
the confidence region of the orbit of an NEA contains
some virtual impactors or not. To this purpose, the confi-
dence region is sampled with a finite number of Virtual
Asteroids (VAs), all compatible with the observations,
and then propagated in the future to search for possible
impacts.

In the operative scenario, Aegis uses the Line Of Vari-
ations (LOV) method [3] for the sampling of the con-
fidence region. The LOV method is a geometrical 1-
dimensional sampling that takes advantage of specific
properties of the confidence region of NEAs orbit. In fact,
the confidence region is usually stretched along a particu-
lar direction, which is the direction of largest uncertainty.
Other directions have a much smaller uncertainty if com-
pared to the previous one. The LOV method relies on
the sampling of the direction of largest uncertainty with a
small number of VAs, typically of the order of a few thou-
sands. VAs are propagated in the future for 100 years,
and close approaches with the Earth are recorded as a set
of points on the Target Plane (TP). If a Virtual Impactor
(VI) is found, the impact probability is estimated through
a 1-dimensional Gaussian distribution. Details of these
methods and algorithms can be found in [3] and refer-
ences therein. In addition, the Torino Scale [6] and the
Palermo Scale [7] are computed for each VI.

Apart from the operative scenario, Aegis is also able
to perform full Monte Carlo simulations. The confidence

region is sampled with a large number N of VAs by us-
ing the covariance matrix of the orbit, that are later prop-
agated in the future to search for impactors. This method
can typically find VIs with an impact probability of the
order ∼ 1/N , and therefore it is not suitable to be used
in an operative scenario. However, it generally relies on
less assumptions than then LOV method, and therefore
it is useful to check the results when the probabilities of
impact are relatively high.

4. AEGIS OPERATIONS

4.1. Orbit catalog

The Aegis software is used to maintain the orbit catalog
of all asteroids, both NEAs and non-NEAs. NEAs are
added to the catalog whenever a discovery MPEC is re-
leased by the MPC, and their orbits are updated at every
daily orbit update of the MPC. On the other hand, the
catalog and the orbits of non-NEOs are updated at every
monthly update of the MPC. The orbit of an asteroid is
computed at both the current epoch, and at the weighted
average epoch of the observations. Together with the
orbital elements, the covariance and the normal matrix
obtained from the orbit determination algorithm are pro-
vided by the software. Orbits are provided to the user in
two formats: 1) in equinoctal elements, and 2) in Kep-
lerian elements. All the orbital data is publicly available
through the NEOCC web portal, and it can be accessed
by the user either from the web-page dedicated to each
asteroid, or through the HTTPS APIs2. In addition to or-
bital data, the page of an individual asteroid provides in-
formation about observations and close approaches with
main bodies. The total length of the observational arc, the
RMS of the residuals, the number of observations used in
the fit, and the list of observations of the object with the
corresponding residuals, are all available to the user from
this page. Figure 1 shows an example of the page with
orbital information about asteroid (101955) Bennu.

4.2. Risk list

The Aegis software is used to generate the NEOCC Risk
List3. The Risk List is a catalog of all NEOs for which a
non-zero impact probability has been computed. Each
entry contains details on the particular Earth approach
which poses the highest risk of impact, as expressed by
the Palermo Scale. It includes its date, size, velocity and
probability. Impact history data can be accessed in tabu-
lar and graphical form. In most cases, the size presented
in the table is estimated indirectly from the absolute mag-
nitude, and flagged with an asterisk. When a better mea-
surement is available in the literature, it replaces the es-
timated value. By default, entries are sorted by the max-
imum Palermo Scale value. Figure 2 displays the first

2https://neo.ssa.esa.int/computer-access
3https://neo.ssa.esa.int/risk-list
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Figure 1. Example of the page containing orbital infor-
mation, where the orbit of asteroid (101955) Bennu is
shown.

10 entries of the Risk List as shown on the NEOCC web
portal on 12th January 2023.

Figure 2. First 10 NEOs of the NEOCC Risk List, as of
12th January 2023.

4.3. Ephemerides service

The NEOCC provides the user an ephemerides request
service, and the Aegis software is used to take care of the

Figure 3. Orbit of (101955) Bennu as shown by the OVT
of the NEOCC NEO Toolkit.

computation requested. The ephemerides service is avail-
able through an HTTPS API, where the user has to spec-
ify: 1) the object for which the ephemerides are needed;
2) the code of the observatory from which it will be ob-
served; 3) the initial and the final epochs; 4) the timestep
for the output. The user will then receive a table contain-
ing the equatorial coordinates as a function of time, the
apparent motion, and the sky plane error.

4.4. NEO Toolkit

The NEO Toolkit 4 is a new set of astronomical tools de-
signed by the NEOCC. The toolkit is composed by four
complementary tools, each of them focused on a differ-
ent goal. The Observation Planning Tool (OPT) provides
users with precise ephemerides and observational data
from NEOs to help them planning and scheduling obser-
vations in forthcoming nights. The Sky Chart Display
Tool (SCDT) supports observations by producing a vi-
sualisation of the orbits of NEOs in the sky as observed
from any location in the world. The Orbit Visualisation
Tool (OVT) allows visualising the orbits of one or more
simultaneous asteroids and comets in a 3D environment.
The Flyby Visualisation Tool (FBVT) offers a high accu-
racy visualisation of NEOs that have one or more close
approaches with the Earth, shown also in a 3D environ-
ment. Figure 3 depicts the orbit of (101955) Bennu, as
shown by the OVT.

4.5. Impact corridor

In the case a VI with a probability of impact larger than
10−3 is found, the Aegis software is able to compute the
impact corridor with the Earth, which shows the possible
impact area on the surface. The algorithm used for this
computation is described in [8]. The impact corridor typ-
ically shows three concentric ellipsoids, corresponding to
the impact area determined at 1σ, 3σ, and 5σ level.

The impact corridor is an effective tool to ease the

4https://neo.ssa.esa.int/neo-toolkit
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Figure 4. Impact corridor of 2022 WJ1 on the ground, a small NEO impacted with the Earth on 19th November 2022.
The red, orange, and yellow areas represent the impact corridor at 1σ, 3σ, and 5σ level, respectively. Note that the last
part of the numerical integration has been performed without taking into account the atmospheric drag.

communication of the possible impact threat to local
emergency response facilities. In the case the impact does
not pose any danger to people and infrastructures, it can
still be useful to schedule an observation campaign of the
fireball event. Figure 4 shows the impact corridor com-
puted for asteroid 2022 WJ1, a small NEO that impacted
the Earth on 19th November 2022 a few hours after its
discovery.

5. OTHER ACTIVITIES SUPPORTED BY AEGIS

In addition to daily operations, Aegis is foreseen to be
used as a support for the Risk Assessment Pillar to carry
out other activities in NEOs research. Aegis and its pre-
decessor, AstOD, have been used already in several such
activities, including: 1) the analysis of the orbital stabil-
ity of the second Earth Trojan asteroid (614689) 2020
XL5 [9]; 2) the negative observation exercise of 2010
RF12; 3) the development of an automated Yarkovsky ef-
fect detection procedure; 4) the update of the risk assess-
ment of (29075) 1950 DA and of (99942) Apophis; 5)
the Apophis 2021 campaign exercise. In the near future,
Aegis will also be used as a support for the observation
scheduling of the Flyeye telescope.
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