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Abstract. Given the growing number of planned missions and satellite launches, it is clear the
cislunar orbital domain gained great interest from both industries and space agencies in the last
few years. The chaotic dynamics that characterise this area of space set new challenges that have
not been considered for near-Earth space. An increasing number of space objects orbiting in the
chaotic cislunar domain could lead to a more complex debris problem than is found near-Earth
today, making the design of effective End-of-Life (EoL) disposal strategies more important than
ever. This Ph.D. research aims to develop a dynamic cartography of cislunar space through tools
derived from dynamical systems theory. Thus, it will be possible to characterise the long-term
stability of different families of orbits in cislunar space, creating a catalogue of stable and unstable
orbits; to develop a tool to define effective and customisable EoL strategies; and to analyse the
behaviour of possible fragmentations in the cislunar domain.

Introduction

Space is one of the final frontiers of scientific exploration: its importance as an economic and
strategic asset has never been more pronounced than now. In a context in which hundreds of space
missions are planned for the next few years and the number of in-orbit satellites exponentially
increases, both industries and space agencies have shown a strong interest in the cislunar domain,
a region strongly influenced by both the Earth and the Moon. The dynamics of this region cannot
be modelled with the techniques developed for near-Earth space. The influence of the Moon, other
celestial bodies, and multiple perturbations make the motion of an object in this region inherently
chaotic. This means that, given the initial state of a satellite, it is not trivial to determine what its
final state will be, especially when long-term simulations are considered. Consequently, if the
number of space objects in the cislunar region increases, as has been observed lately in the vicinity
of Earth [1], a potential debris issue will arise there as well, with additional complications given
by the chaotic dynamics. In this context, one of the most effective mitigation measures is the
careful design of the EoL phase of a mission. Creating a method to achieve simple and
customizable disposal strategies is a matter of primary importance.

This Ph.D. research will therefore focus on the development of a dynamic cartography of
cislunar space, thereby trying to define, through dynamical systems theory, parameters that will
help characterize the state of a spacecraft. This will make it possible to develop, as a result, a tool
capable of selecting the best disposal strategy for a spacecraft, given as input its operational orbit,
end-of-life epoch, and amount of fuel still on board. Ideally, the legal aspects of the problem will
also need to be considered in the development of this tool. The following sections present a
description of the methodologies to be developed as well as of the planned activities.
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Dynamic models

Many dynamical models can at least partially describe cislunar space dynamics. The Circular
Restricted Three-Body Problem (CR3BP) [2] provides a good approximation of the qualitative
behaviour of the motion of a spacecraft when its dynamic is mainly governed by the influence of
two primaries with nearly circular orbits and a small inclination difference. Within it, it is possible
to identify one energy integral of motion, the Jacobi Constant (JC), and five equilibrium points of
the system, the Lagrangian points [3].

When considering the cislunar region, the main perturbation which is not included in the earlier
model is the Sun's gravitational pull. To take it into account, the CR3BP can be modified into a
Bicircular Restricted Four-Body Problem (BR4BP) (e.g. [4]). The major advantage of using this
model is that, in general, it is simple to handle, implement, and use, although the effect of a third
major body is added to the system. Moreover, despite in this case the motion of the three main
bodies is not coherent, the model shows behaviours qualitatively similar to the ephemeris one,
especially in some areas of the phase space.

The dynamic model that most closely matches reality is the N-body problem [5], which,
however, comes with a greater computational effort. The influence of perturbations also plays a
significant role in determining the motion of a spacecraft in cislunar space. For example, the effect
of Solar Radiation Pressure (SRP) [6] becomes particularly relevant in the case of spacecraft with
large area-to-mass ratios, while the lunar gravitational field influence has a not negligible effect
when in proximity of the Moon [7].

Families of orbits in cislunar space

A particularly interesting aspect of CR3BP is that, by leveraging some of its properties, it is
possible to define families of periodic and quasi-periodic orbits. Once initial conditions for
possible periodic orbits are identified, differential corrections are exploited to refine them, and
continuation methods are used to compute different orbits belonging to the same family [3]. These
orbits can then be refined in more complex dynamical models. Families of periodic orbits can be
found in cislunar space through continuation techniques, such as are Lyapunov orbits, Halo orbits,
Near Rectilinear Halo orbits (NRHOs), Lissajous Orbits, Distant Retrograde orbits, etc. [8][9].
Cycler or horseshoe orbits (e.g. [10]), as well as orbits around the Moon, equivalent, for example,
to Highly Elliptical Orbits (HEOs) around the Earth, can also be observed.

End-of-life phase design for spacecraft in cislunar space

The EoL phase of a mission is designed by performing disposal primarily with one of the following
four strategies: insertion into a heliocentric orbit, impact on the Moon, destructive Earth re-entry,
or insertion into a cislunar frozen graveyard orbit. Among these, the most complex, least studied,
and exploited approach is the last one.

In [11], all four approaches are considered, and a dynamic cartography of cislunar space based
on Monte Carlo (MC) simulations is proposed. Samples are generated along some cislunar orbits
chosen as case studies and, after applying a manoeuvre to each of them, a random perturbation is
introduced into the system and several MC simulations are performed, thus evaluating the
robustness of each solution to possible disturbances. An analysis is also performed about the
possibility for the satellite to interfere with the geostationary pseudo-region.

In [12] instead, the EoL design for GAIA, orbiting Sun-Earth Lo (SEL2), is formulated as a
multi-objective optimization problem. This approach is proposed for disposal with impact on the
Moon, with destructive re-entry to Earth, and with insertion into a heliocentric orbit. For the latter
case, an energy approach is also suggested, based on the variation of the problem JC to close the
Hill curves in SEL2. An alternative approach, based on defining manoeuvres that ensure the
constant increase of the minimum orbit intersection distance, the minimum distance between Earth
and the disposal orbit, is proposed in [13]. Some of the cited studies refer to the design of the EoL
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phase of missions orbiting Lagrangian points of the SE system. Nevertheless, it is considered of
interest to cite their contributions, as some strategies developed in those contexts could also be
applied to cislunar space. Following the same logic, the case reported in [14] is also analysed.
Possible disposal options at EoL for HEOs around Earth are studied, taking advantage of natural
orbital perturbations and phase space to plan manoeuvres that ensure low fuel consumption.

Methodology and planned activities
Given what was discussed in the previous sections, this research work will be organized as outlined
in the following paragraph.

First, a customized propagator for cislunar space will be developed, where the effect of
perturbations will be included in the dynamic model only if considered truly non-negligible,
exploiting both theoretical astrodynamics and long-term computer simulations. This will give the
possibility to combine the simplicity of the CR3BP with the precision of an N-body perturbed
model. Data recovered from past missions will be used to validate the developed tool.

It will be interesting then to define a catalogue of cislunar families of orbits, highlighting their
characteristics and possible uses for missions with different objectives. An analysis of the stability
properties of these families of orbits will follow. To do it, it will be necessary to identify stable
and unstable areas of the phase space, exploiting tools such as Poincaré maps, finite-time
Lyapunov exponents, and other tools of dynamical systems theory. The analyses developed will
also be applied to the study of possible fragmentations in cislunar space.

Properties of HEO with large semi-major axes and eccentricities will be analysed, thanks to
Keplerian map theory. In addition, a possible extension of the same approach to HEOs around the
Moon and Lagrangian point orbits will be proposed. Also, strategies such as the ones developed
in [14] can be exploited for the same application.

Finally, accurate design of EoL for cislunar missions will be performed, highlighting not how
the single EoL scenario can be applied to the single mission, but identifying areas of space where
a certain disposal strategy proves to be the optimal option, in terms of fuel savings, duration of the
disposal phase, and possible risks to current or future missions. Passive disposal solutions,
designed by taking advantage of the chaotic dynamics of cislunar space, would be preferred.
Similar results have been obtained in the context of the ReDSHIFT project [15], for a region
extending from low Earth orbit to the geostationary orbit.

The knowledge developed in this context could also be applied to the design of transfer
trajectories and operational orbits for different missions, identifying frozen and quasi-frozen orbits
or conditions of special interest.

As an outcome, an algorithm to select the best disposal strategy for a spacecraft will be
developed, given as input its operational orbit, EoL epoch and amount of fuel remaining on board,
avoiding performing for each disposal design hundreds of numerical simulations. Ideally, the
algorithm will need to also consider the legal aspects of the problem, to represent, as accurately as
possible, the complexities that characterize the cislunar domain. The developed tool will then be
applied to specific cases, possibly ESA missions.

Conclusions

The research introduced in this paper focuses on the development of a dynamical cartography of
cislunar space using tools derived from dynamical systems theory. This research aims to create a
catalogue of orbit families in cislunar space, to study their stability properties, and to develop a
tool useful for defining effective and customizable EoL disposal strategies.

First, dynamical models that are well suited to cislunar space are briefly described and
presented, along with the periodic and quasi-periodic orbits that characterize it. Then a brief
overview of the methods developed for disposal at EoL is given. Finally, planned activities within
this Ph.D. research are described and briefly commented on.
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