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ABSTRACT

Space debris mitigation is one of the most important
problems of space science and applications. In this work,
we present our recent investigations on the possibility
of exploiting the natural long-term dynamics of artificial
satellites and debris to address the problem of designing
passive mitigation strategies. Our work consists of the
characterization of regular and chaotic, long-term stable
and unstable, dynamical behaviors in the circumterres-
trial phase space and, in particular in the Medium-Earth
Orbit (MEO) phase space region, with particular focus
in the orbital region of GNSS and the GTOs. Using a
suitably modified version of the SWIFT symplectic inte-
gration package that has been extensively used in the past
for asteroid dynamics, we construct a numerical cartog-
raphy of dynamical lifetimes and eccentricity variation in
the MEO phase-space.

Keywords: space debris mitigation, passive migration
strategies, satellites: dynamical evolution and stability.

1. INTRODUCTION

Recently, it has been realized that luni-solar secular reso-
nances are of particular importance in the Medium Earth
Orbit (MEO) region, as they may provide a substantial
perigee boost for a satellite, under properly chosen or-
bital circumstances [9} 3 2} 4]]. Additionally, solar radia-
tion pressure (SRP) can play a crucial role in the motion
of satellites, especially at large altitudes [1} 5].

Our goal is to understand the long-term behavior of cir-
cumterrestrial orbits and benefit from that in order to
find natural re-entry paths for passive removal of inactive
satellites and debris. For that purpose, we numerically in-
tegrated the trajectories of millions of initial conditions,
using the full (i.e. non-averaged) equations of motion and
a suitable dynamical model, covering the hole circumter-
restrial region. After building a “low-resolution” map for
the whole region, we focused in the orbital domains of
(a) the Global Navigation Satellite Systems (GNSS) and
(b) the Geostationary Transfer Orbits (GTO)s.

In section 2] we describe the dynamical model used and
the choice initial conditions. A subset of our results is
presented in section [3] followed by our conclusions in
section [l

2. PROBLEM FORMULATION

2.1. Model

A satellite orbiting around the Earth is affected mainly
by the following perturbations: the Earth’s oblateness,
the higher harmonics of the Earth’s geopotential, the lu-
nar and solar gravitational fields, the direct solar radiation
pressure and atmospheric drag. The latter particularly af-
fects low-altitude orbits in the Low Earth Orbit (LEO)
region.

In our study, we wish to understand the long-term dy-
namical behavior of satellite orbits, focusing mainly in
the MEO (i.e. GNSS) and GTO part of the phase space.
To that purpose, a gravitational model that includes the
Earth’s gravity field up to degree and order 2 (i.e. J2,
J2.2), the luni-solar gravitational potential and direct ra-
diation pressure is adequate.

For the numerical integrations, we used a suitably mod-
ified version of the SWIFT symplectic integration pack-
age by Levison and Duncan [6]. SWIFT is well suited for
dynamical studies of test particles, affected by a massive
central body and perturbed by other massive bodies. The
full equations of motion are used and solve by a symplec-
tic scheme, which preserves the conservative form of the
equations and leads to a small, bounded error in energy,
even for very long times. SWIFT-SAT is also modified in
order to account for the 2"¢ degree and order geopoten-
tial. Special care has to be taken for the “perturbation”
caused by the Sun, as it is more massive than the Earth
and the traditional symplectic scheme could fail. For this
reason we first solved for the motion of the Sun and the
Moon in the full N—body problem of the solar system,
thus creating a very precise ephemeris for these two bod-
ies. SWIFT-SAT then reads in the positions of these per-
turbing orbits to compute their direct effect on a satellite.
The effect of SRP on a satellite has also ben added, using
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Table 1. Grids of initial conditions for the LEO-to-GEO study, for dynamical maps in a — e phase space.

ALL* GTO' MEO
a (ageo) | 0.150 — 1.050 | 0.498 — 0.664 | 0.600 — 0.710
Aa 0.0050 0.00475 0.0025
e 0-09 05-08 0—0.88
Ae 0.015 0.015 0.02
0.235 — 10.235
i(°) 0 — 120 23.533 — 33.533 0—90
41— 51
Ai (0 2 1 2
AQ () {0,90, 180, 270}
Aw () {0,90, 180, 270}
# of orbits ~ 8m [ ~1.6m [ ~ 6m

* Only three angle sets ((a) AQ = 0,Aw = 0, (b) AQ = 180°, Aw = 90° and (c¢) AQ = 270°, Aw = 90°) were used for the full

LEO-to-GEO maps.

t The satellite’s initial node and perigee angles were referenced with respect to the equatorial lunar values at each epoch, excepting the GTO maps

where the Moon’s ecliptic angles were used instead.

the standard cannonball approximation [8]. The units are
chosen so that the gravitational constant is G = 1 and the
units of length and time are accordingly chose such that,
following Kepler’s third law, the geosynchronous radius
agpo = 1 (~ 42164.17 km) and the period of Earth’s
rotation (1 siderial day = 23h 56m 4.1s) are equal to
unity.

2.2. Initial Conditions

Our goal is to obtain a global view of the long-term dy-
namics circumterrestrial orbits. For that purpose, we cov-
ered a wide range in orbital elements space and prop-
agated the initial conditions over a long timescale (120
years).

A coarse grid of initial conditions was constructed to
cover the whole area from LEO to GEO, while higher-
resolution grids were constrcted for the GTO and MEO
areas, focusing on the GNSS region. The summary of
our chosen initial conditions is shown in table[Il The ini-
tial mean anomaly was set equal to zero, M = 0, for all
cases.

The study was repeated for two selected initial epochs,
namely JD 2458475.2433 (22.74/12/2018) — Agun =
270.475° — and JD 2459021.7800 (21.28/06/2020) —
Asun = 90.086° — hereafter designated simply as “2018”
and “2020”, respectively. The timespan of all integra-
tions was set to 120 yr. All simulations were carried
out for a nominal value of the SRP coefficient, namely
C-(A/m) = 0.015 m*/kg, but also repeated for an “en-
hanced SRP” coefficient of 1 m?/kg; this was done in or-
der to probe the different dynamics that a satellite would
experience, if a SRP-augmenting device (e.g. a large so-
lar sail) was on-board. In all cases, we set the limit for
re-entry at an altitude of h = 400 km, since we did not
include atmospheric drag.

3. RESULTS

3.1. Circumterrestrial phase space

In this section is presented a subset of the atlas of dy-
namical lifetime (i.e. time until re-entry) and maximum
eccentricity attained (sup-e) maps for the circumterres-
trial phase space. Figures [I] and 2] show the results cor-
responding to a given initial phase angle combination
AQ = 270°, Aw = 90° and for different initial in-
clinations. The values of i = 6° and 46°, which are close
to latitudes of the Kourou and Baikonur launching sites
respectively, correspond to inclinations of possible GTOs
launched from these sites. On the other hand, the values
of 56° and 64° are close the nominal constellation incli-
nations for Galileo and GLONASS, respectively. Note
that the gray curve appearing in all these figures is the
curve of constant perigee altitude equal to 400 km, which
defines, for every value of a, the critical eccentricity at
which the orbit is considered as having re-entered in the
atmosphere of the Earth.

For inclinations smaller than ~ 40° and for the nominal
SRP value, the orbits are generally stable. For the en-
hanced SRP run, an instability hatch opens up at a ~ 0.2,
along the re-entry corridor of the gray critical curve and
continues down to lower eccentricities and semimajor
axes. This re-entry route is due to a resonance due to SRP
and oblateness [[7, [1, 5], and its location shifts towards
lower altitudes with increasing inclination. The maps for
the high inclination regions exhibit more complicated and
interesting features, because of the strong interactions
due to luni-solar secular resonances. Generally, many
disposal hatches appear near the operational satellites’ in-
clinations, depending though on the initial orientational
angles — this is expected, as each luni-solar resonance
can be stable (i.e. keeping the eccentricity small for long
times) or unstable (i.e. leading to eccentricity growth),
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Figure 1. Lifetime of the global LEO-to-GEQO phase space for various values i, A2 = 270°, Aw = 90°, epoch 2018,
and for two effective area-to-mass ratios (m2/kg), 0.015 (top) and 1 (bottom). The colorbar for the lifetime maps is from

0 to 120 years.
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Figure 2. Sup-e maps of the global LEO-to-GEO phase space for various values i, A2 = 270°, Aw = 90°, epoch
2018, and for two effective area-to-mass ratios (m?/kg), 0.015 (top) and 1 (bottom). The colorbar for the sup-e maps is

from eccentricity 0 to 0.85.

depending on whether the orbit departs near its stable or
unstable fixed point in phase space. Our results also show
that an enhanced SRP tends to expand these reentry cor-
ridors. In sections[3.2]and[3.3] the GNSS and GTO phase
space regions are treated in more detail.

3.2. MEO phase space

The MEO orbits of the GNSS are affected strongly by
the interplay between luni-solar resonant perturbations

and the effects caused by the Earth’s predominant grav-
itational harmonic. The evolution of the perigee altitude
is related to the eccentricity of an orbit and any large-
amplitude variation in e, e.g. due to a resonance, can pro-
long or shorten the dynamical lifetime of a satellite.

In figures 3] and ] we present the lifetime and sup-e sta-
bility maps for initial inclinations equal to 56° and 64°,
i.e. near the Galileo and GLONASS nominal constella-
tion inclinations, respectively. The maps were derived for
two different phase angles combinations, namely A2 =
90°, Aw = 180° and AQ = 270°, Aw = 90°.
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Figure 3. Lifetime of the global MEO phase space for: (a) i = 56° and epoch 2018, (b) i = 64° and epoch 2020,
AQ =90° Aw = 180° (left) and A = 270°, Aw = 90° (right), and for two effective area-to-mass ratios (m>/kg),
0.015 (top) and 1 (bottom). The colorbar for the lifetime maps is from 0 to 120 years.
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The long-term effect of luni-solar resonances depends
strongly on the choice the initial orientational angles. For
GPS and Galileo inclinations, many interesting disposal
hatches occur at moderate and low eccentricity phase
space, leading to lifetimes of order 40 — 60 yr, for eccen-
tricities smaller than 0.15. For the GLONASS inclination
band, the disposal regions generally occur at higher ec-
centricities, which would make it harder to actually use
for passive re-entry. At all constellation inclinations, an
augmented SRP slightly widens these re-entry regions,

but without deforming them considerably.

3.3. GTO phase space

GTOs are mostly concentrated around a ~ 0.6 - aggo,
with eccentricities around 0.6. They are grouped in in-
clinations bands, which related to the main launch sites
of Kourou, KSFC and Baikonur. In figures [5] and [6] the
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Figure 5. Lifetime of the global GTO phase space for latitudes near Kourou (left), Cape Carneval (middle), and Baikonur
(right), AQ = 90°, Aw = 0, epoch 2018, and for two effective area-to-mass ratios (m>/kg), 0.015 (top) and 1 (bottom).

The colorbar for the lifetime maps is from 0 to 120 years.
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Figure 6. Sup-e maps of the global GTO phase space for latitudes near Kourou (left), Cape Carneval (middle), and
Baikonur (right), AQ = 90°, Aw = 0, epoch 2018, and for two effective area-to-mass ratios (m*/kg), 0.015 (top) and 1

(bottom). The colorbar for the sup-e maps is from eccentr:

lifetime and sup-e stability maps are presented, for in-
clinations equal to 5.235°, 28.533° and 46° and for an
initial orientation given by A = 90°, Aw = 0.

The results show than, at low to moderate inclinations,
long-term orbital deformations are not very important, in
the sense that very few orbits, started already very close
to the critical eccentricity line, manage to re-enter natu-
rally. Adding atmospheric drag in our model might help,

icity 0 to 0.8.

although the altitude is quite high — this is under inves-
tigation. For highly-inclined orbits, natural re-entry ap-
pears to be easier for GTOs with e ~ 0.6, since the
lifetimes are shorter than 120 years for a wider region.
Artificial enhancement of SRP could further expands the
re-entry regions, although not very much.



4. CONCLUSIONS

The purpose of our study is to understand the long-term
dynamical evolution of Earth satellite orbits in the usable
circumterrestrial space and to find natural ‘highways’,
suitable for passive debris mitigation (natural re-entry).
We focused mostly in the GNSS and GTO regions, which
are two of the most interesting regions for satellite use.
We numerically integrated the trajectories of millions of
initial conditions, using a suitable dynamical model that
takes into account the most important effects acting in
this orbital region, and repeated the computations both
for the nominal and for an “enhanced-SRP” problem.

In the GNSS region, the effects of luni-solar resonances
depend strongly on the choice of initial orientational an-
gles. Many interesting disposal hatches occur at mod-
erate to low eccentricities, for the inclination values of
the real GNSS. SRP does not change dramatically these
phase-space structures, but widens the escape hatches.
Lifetimes of order 40 — 60 yr are feasible, for eccen-
tricities smaller than 0.15. A preliminary analysis sug-
gests that these lifetimes can be achieved by performing a
relatively costly but still reasonable impulsive maneuver,
with AV of order 10%. In this way a low-eccentricity op-
erational satellite can be forced to “jump” on a disposal
orbit that will lead to re-entry after a reasonable amount
of time. Note that a re-entry time of 40-60 years for a
MEO satellite does not violate the IADC rules for the pro-
tected LEO region, as most of the time is spent far away
from LEO altitudes and the satellite would only make
brief passages through the protected LEO area, with the
cummulative time spent on this region being much less
than 25 years. A complete analysis of requirements for
reaching the optimal re-entry solution for each MEO orbit
is among the goals of our project and is currently under
way.

For the GTO region, at low and moderate inclinations (i.e.
Kourou and KSFC), long-term orbital instabilities are not
observed, at least for the majority of our (nominal SRP)
cases. For highly-inclined orbits, re-entry is easier for
orbits with initial e ~ 0.6 and an enhanced SRP does
expand the re-entry regions, but not very much. Hence,
GTOs appear to be among the hardest cases in MEQO, in
terms of finding a natural highway to re-entry. The re-
sults might improve if we take into account the weak ef-
fects of atmospheric drag, in particular if we consider and
enhanced ara-to-mass ratio (i.e. a “drag” sail, in place of
a SRP-sail). This matter is currently under investigation.
have to check that case.
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