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Abstract: Several non-functional objects are orbiting around the Earth and they are called space
debris. In this work, we investigate the process of space debris mitigation from the GEO region
using a solar sail. The acceleration induced by the solar radiation pressure (SRP) is the most relevant
perturbation for objects in orbit around the Earth with a high area-to-mass ratio (A /m). We consider
the single-averaged SRP model with the Sun in an elliptical and inclined orbit. In addition to the
SRP effect, the orbital evolution of space debris is analyzed considering the perturbations due to the
Earth’s flattening and third-body perturbations in the dynamical system. The idea is to use the solar
sail as a propulsion system using the Sun itself as a clean and abundant energy source so that it can
remove space debris from the geostationary orbit and also contribute to the sustainability of space
exploration. Using averaged dynamical maps as a tool, the numerical simulations show that the
solar sail contributes strongly to exciting the eccentricity of the space debris, causing its reentry into
Earth’s atmosphere. To perform the numerical simulations, we consider data from real space debris.
We also show that the solar sail can be used to remove space debris for a graveyard orbit. In this
way, the solar sail can work as a clean and sustainable space-debris-removal mechanism. Finally, we
show that the convenient choice of the argument of perigee and the longitude of the ascending node
might contribute to amplify the growth of eccentricity. It is also shown that solar radiation pressure
destroys the symmetry of the orbits that can be observed in keplerian orbits, so all the orbits will be
asymmetric when considering the presence of this force.

Keywords: space debris; averaged model; solar radiation pressure; mitigation risk; debris removal;
GEOQ region; astrodynamics; orbital perturbations

1. Introduction

According to the Mitigation Guidelines of the Inter-Agency Space Debris Coordination
Committee (IADC), which is a governmental forum with the goal of coordinating activities
related to natural and man-made space debris. Artificial space debris is “all man made ob-
jects including fragments and elements thereof, in Earth orbit or re-entering the atmosphere,
that are non functional” [1-3]. The amount of space debris has increased considerably in
recent decades. These objects present risks for users of the space environment when one
thinks about the integrity of operational spacecraft and the contamination of orbital regions
around the Earth. They can damage active satellites orbiting the Earth, or they can collide
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with other debris, generating a cloud of even smaller debris [4]. In addition, a possible
uncontrolled fall of these objects might create a great harm to society.

The issue of space debris dates back to the 1970s. Donald Kessler and Burton Cour-
Palai stated in their 1978 article Collision Frequency of Artificial Satellites: The Creation of a
Debris Belt that it was conceivable that a significant number of satellite fragments already
existed at that time around the Earth [5]. According to these authors, fragments that
are not covered by radar probably have their origin in tests of “killer satellites” and due
to accidental explosions of rocket engines (launch vehicles). In 1979, Czech astronomer
Lubos Perek presented an article called Outer Space Activities versus Outer Space , which
recommends several space-debris-mitigation techniques [2,6]. At the time, Perek said that
preventing all collision events is impossible, so minimizing their effects, while costly, is
more cost-effective compared to repairing the damage that does occur. In his work, Perek
suggests ideas such as reducing the amount of debris produced during launch and in-orbit
operations, de-orbiting inactive satellites, redirecting inactive satellites to discard orbits,
and using orbits that do not cross certain specific areas/regions of the space around the
Earth [7]. In 1991, Donald Kessler analyzed the problem of collisions between orbital objects
in an article entitled Collisional Cascading: The Limits of Population Growth in Low-Earth Orbits.
In this article, the author points to the problems involved with the fast-growing numbers
of space debris, initially formed by collisions between objects and, finally, increased by
collisions between the fragments [2,8]. The collisional cascade phenomenon was later, and
since then, known as Kessler’s Syndrome and cannot be stopped in its advanced stage.
Several other studies [9-12] have been carried out with the interest in finding a solution to
mitigate the risks involved with the presence of space debris around our planet.

The IADC, in its Mitigation Guidelines, further establishes that any activity developed
in space must be carried out recognizing as unique—in the sense of a finite resource—
certain regions of the space surrounding planet Earth. The idea is to guarantee its safe and
sustainable future use. In this sense, these regions must be protected from the generation
of space debris [1]. One of these regions, called Region B, or the geosynchronous region,
according to the IADC, is a spherical shell segment defined by a range of altitudes with
respect to the geostationary altitude (35,786 km). The limits of this range are a lower
margin of 200 km and an upper margin of 200 km with respect to the geostationary altitude.
This region is also inside an interval of 15 degrees of latitude centered on the celestial
equatorial plane, in which the geostationary orbit (GEO) is located [1]. By definition, GEO
and the torus-shaped region that surrounds it are unique and are of great importance for
space activities due to the favorable/advantageous orbital characteristics that the satellites
assume, especially for the telecommunications area, when placed at such altitudes. Given
the importance of this orbital region, the mitigation capacity of its inoperative objects
becomes extremely important in order to avoid, for various reasons, its contamination
by space debris. In fact, in 1978, the first event of debris generation in the GEO regime
occurred [2,13]. At that time, there was a fragmentation of the Russian-Soviet artificial
satellite Ekran 2, with a nominal orbital inclination of 0.1°, according to reports, due to
battery problems [14]. In this work, as a matter of nomenclature, the space debris whose
nominal orbits (ongoing) evolve inside this torus-shaped region, whose center is the GEO,
are classified as debris in a geostationary orbital regime (GEO orbital regime) or GEO
region. In this context, this work aims to analyze the possibility of removing space debris
from the GEO region in order to promote its disposal in a graveyard orbit, thus allowing
the safe and sustainable use of this important orbital regime. In order to fulfill this objective,
the use of some device that excites the nominal orbit of the object with the purpose of its
orbital relocation is suggested. The device considered in this work is a solar sail.

Regarding its structure, a solar sail is made of a large glowing membrane composed
of a thin reflective film that covers the structure of the spacecraft [15]. From the point of
view of devices to be boarded in a space vehicle, a solar sail must meet the requirements of
being a large, flat, light, and reflective surface that can propel a space vehicle without the
use of propellants [16]. Based on this definition, as a proposal for mitigating space debris in
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a GEO region, this work proposes a practice of orbital debris relocation aimed at removing
these objects from such a regime by disposing of them in a graveyard orbit. For this, a solar
sail can be used as a device on board space vehicles whose mission takes place in the GEO
regime. It is suggested that, at the end of the life cycle of these vehicles, the solar sail can
be activated, allowing, through the disturbing effect of the solar radiation pressure (SRP),
the eccentricity and peak altitude of the vehicle to be increased, moving it from the GEO
regime to an altitude above this region. The use of the solar sail is justified, because such a
device is a propulsion medium not limited to the dependence of a finite amount of reaction
mass (propellant) and that gives a continuous acceleration, whose limit is the lifetime of
the sail film. The solar sail gains impulse from an environmental source, the photons [15]
emitted by the Sun, which are abundant and constitute a source of clean energy. In fact,
according to studies available in the literature, an object with a small area-to-mass ratio that
is in a GEO region can remain there for hundreds of years [11]. Therefore, the solar sail will
enable, by increasing the area-to-mass ratio of the space vehicle (debris) using the model
proposed here, the preventive mitigation of a disused space object through its disposal in a
graveyard orbit. As a discard altitude criterion, a margin of ; = 1000 km above the GEO
altitude (rgpo = 35,786 km) is considered. Thus, when activating the solar sail, using the
model proposed in this work, the effect of the SRP is expected to move the satellite (debris)
coupled to the sail until an altitude of rgrp + h; is reached. Then, it is suggested that the
sail should be closed or uncoupled from the debris, such that this object will start to occupy
a higher disposal orbit that is distant enough from the GEO region.

Despite the fact that the SRP is the strongest perturbation when the object has a
high area-to-mass ratio [10,17], the presence of other forces in the space environment is
not negligible. Thus, the use of a solar sail combined with the natural environmental
disturbances is considered. For instance, in [17], a semi-analytical theory is presented
considering the effects of the direct SRP and the atmospheric drag in the orbit of a spacecraft
around the Earth. The equations obtained, when disregarding the SRP, eliminate the
spurious Poisson terms from the theory of Brouwer and Hori [18,19]. In the case of this
work, the mathematical model considers only the main perturbing forces acting on the
space debris in a GEO regime, such as the forces associated with the direct solar radiation
pressure (denoted already as SRP), the third-body perturbations from the Sun and Moon
(TBP), and the flattening of the Earth, expressed as the dominant term of its potential,
namely the second-degree zonal harmonic coefficient J,. The goal is to use the changes
over the orbital eccentricity along with the increase in the perigee altitude of these objects
until they reach the outside of the borders of the GEO region.

In the present study, we adopted averaged dynamics to study the orbital motion,
since it has been successfully applied to several studies seeking a qualitative approach
for the long-term dynamical evolution of a system (see, for instance, the applications of
this type of dynamics presented in references [20-25]). In this study, a model for the SRP
acceleration is used that can be associated with a potential, because it depends only on the
radial position of the solar sail with respect to the Sun [15], which generates the photon
emission. Such a consideration allows the disturbing potential associated to the SRP to
be written in a series of polynomials of Legendre. In a recent work, Tresaco et al. [26]
developed the SRP equation using the double-averaged model considering the Earth in an
elliptical and inclined orbit around the Sun. It is assumed that the solar sail maintains an
orientation perpendicular to the line of the Sun and the sail is located at a distance from the
Sun such that the SRP model can be expressed by a potential function. Neglecting the effect
of the Earth’s shadow, the system is Hamiltonian. Thus, the equations are developed using
Legendre polynomial expansions up to the second order. In the double-averaged model,
the first-order term of the expansion of the Legendre polynomial does not contain the
terms of the orbital elements of the satellite (or debris), and therefore, when it is replaced in
the Lagrange planetary equations, it does not affect its orbital elements. Thus, in [26] the
first-order term is neglected and only the second-order term of the Legendre polynomial
is used in the dynamical system. In [27], the authors remake the modeling presented
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in [26], but, in this case, it is taking into account the single-averaged model. With this
approach, the first-order term of the expansion of the Legendre polynomial contains the
terms of the orbital elements of the satellite (debris), and thus affect the orbital elements
when it is substituted in the Lagrange planetary equations. The authors showed that the
first-order SRP model is dominant compared to the second-order expansion term; that is,
the first-order equation coming from the SRP is the main perturbation of the model and its
effect is much greater than the term of second order. It is shown that the SRP acts strongly
on the debris in the GEO region, allowing an increase in their eccentricity. This increase is
proportional to the area/mass ratio of the debris.

Several authors have taken into account the solar radiation pressure models to explore
the dynamics of artificial satellites, asteroids, and space debris; for example, see refer-
ences [9-11,27-36] (and references therein). For the equation of the perturbing potential
due to a third body, we use a single-averaged model [37] including the perturbations
coming from the Sun and Moon and assuming that these perturbing bodies are moving
in elliptical and inclined orbits. The equation of the disturbing potential due to the third
body can be seen in Appendix B of reference [37]. It is important to mention that, in the
present work, the effect of the shadow of the Earth is not included in the mathematical
model, because, as presented in [32], it is not very important to the dynamics. Finally, as
an analysis tool of the proposed model, averaged dynamical maps will be used, which
have already been used in studies considering SRP [22,38] along with plots of the temporal
behavior of some orbital elements of the space debris, such as its orbital eccentricity, to
show that the solar sail contributes considerably to the orbital excitation of space debris
in the GEO regime, promoting its relocation and disposal in a graveyard orbit or pushing
the debris back into the atmosphere of the Earth. Finally, according to [36], the application
of proper elements has been used to identify families of asteroids and more recently, they
have been used in the context of space debris. The authors describe the dynamics of space
debris considering the proper elements, taking into account a model that includes the
gravitational attraction of the Earth, the influence of the Sun and Moon, and the solar
radiation pressure. In general, we observed that when the SRP is taken into account the
presence of perturbations destroys completely the symmetry of the orbits.

2. Mathematical Model

The physical model adopted for the forces considered in the dynamics used here takes
into account the Earth’s flattening at the poles, the perturbations from the Sun and Moon,
and the SRP. The equation of motion of the debris can be written as

r= 'I.'G + fSRP+f.TBP5u,l + .I'.TBPMaon (1)

where ¥ is the force due to the Earth’s gravitational field, the terms ¥rgp,,, and frgp,,,,,
are the resulting forces due to the third-body gravitational attractions of the Sun and Moon,
respectively, and the term #sgp represents the acceleration generated by SRP. The term ¥ is
given by ¥p + 1j,, where ¥p is the direct acceleration due to the gravitational central force
of the Earth and fj, is the disturbing acceleration given by the Earth’s flattening at the
poles. After several algebraic manipulations, Equation (1) can be defined as a function of
the orbital elements of the space debris: 2—semi-major axis, e—eccentricity, i—inclination,
g—argument of perigee, h—longitude of the ascending node, and I—mean anomaly. In this
work, we rewrite the equation of motion given by Equation (1) as a gradient of a potential
and we present the disturbing potential as a function of the orbital elements. The algebraic
development of the equations considered here is taken from references [27,37].

After convenient algebraic manipulations, the equation to represent the oblateness of
the Earth (¥},), using the single-averaged method, can be written as [27,37]

J2R? n?%(—2+3sin? (i)
< Rp >= —% 2 (5782)3/2 )

2




Symmetry 2023, 15, 1107

50f 15

where R, is the equatorial radius of the Earth, n is the angular velocity of the satellite
(debris) (mean motion, i.e., n = \/u/a%), and u is the Earth’s gravitational parameter. The
term due to the irregular shape of the Earth (J») considered in the present work represents
the second term of the gravity field of the Earth, which represents the flattening at the poles.
The disturbing potential due to SRP (¥sgp) using a single-averaged model and assuming
the Sun in elliptical and inclined orbits is written as [27]

< Rggp >= & ;ffgig; [~ 25 (20 cos(i) — 20) (cos(in) — 1) (en? — 2/5)x
cos(—lo +8§ —h—go +he) — 57(20ex? — 8)(cos(i) + 1)*
(1+cos(i))cos(—Ilo+g+h—ge —he) +ex?x
(cos(in) —1)(cos(i) — 1) cos(—3lo + g —h — 8o + ho )+

©2(cos(i) +1)(1 + cos(ix)) cos(—3le + g+ h—go — he)+
1800 (coslia) — 1)(cos(i) — 1) cos(~2le + g — h— go + )+
1) cos

2rex?(1+ cos(ic))(cos(i

)

ee (cos(i) +1)(1+ cos(ic)) cos(—2le + g+ h — go — he)—
lC‘+'g ;l+'gc>+-hQ)

)

(
(i) -
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(i) —

1
7¢
»ee?(cos(ic) — 1) (cos(i
1
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3ex?(cos(i) + 1) (1 + cos(ie)) cos(

)
) cos(lo +8+h—go —he)— ®)

3o (1+ cos(in))(cos(i) — 1) cos(2le + g —h+ g + he)—

e (cos(ic) —1)(cos(i) +1) cos(2le + go — he +g +h)—

eo2(1+ cos(ie))(cos(i) — 1) cos(3le, + g —h+ go + he)—

ex?(cos(ic) — 1)(cos(i) + 1) cos(3le + g — he + g+ h)+

2 (20 cos(i) —20) (e —2/5)(1 + cos(i)) cos(le + § —h + go + ha)+

1

27

(20 cos(ix) —20)(ex? —2/5)(cos(i) + 1) cos(ls + go — he + g+ h)+

2[(—20267\ + 2) cos(—lo — §o + §) + cos(—3le — go + g)ex >+
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where 7 and [ are the mean motion and mean anomaly of the Sun, respectively. The
orbital elements from the Sun are written with the index . The parameter f is defined by

b= @

where ¢* = . Here, L is the Sun’s luminosity, c is the speed of light, and p, is the

cZny
Sun’s gravitational parameter. For the Earth’s case, ¢* = 1.53 g/m? [15]. The term ¢ = m/ A
is the sail-loading parameter (density of the area) and it is given by the spacecraft’s mass m
(debris) divided by the area A of the sail. It is expressed in g/m?. Note that the equations
of the perturbing potentials due to the Sun and Moon (Rtgp,,, and Rrgp,,,,, respectively)
will not be given explicitly here (we refer the reader to [37], where the authors consider the
third body in an elliptical and inclined orbit—see Appendix B of reference [37]).
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The last disturbing potential used in this present work is
R =<Rj, >+ < Rgsgp > + < Rrpg,, > + < R1Bpyy00, > ©)

Considering the perturbations previously commented, we replace Equation (5) into
Lagrange’s planetary equations and numerically integrate the set of nonlinear differential
equations to obtain the variations of the orbital elements of the space debris. After the
numerical integrations, we show the results in the next section. The idea is to move
the satellite (debris) into an orbit with an altitude higher than the GEO region, where
artificial satellites for communications, military use, meteorology, and other applications
are located. In addition, this region presents deactivated satellites, parts of satellites
after their fragmentation, etc. To avoid the risk of these non-operational objects colliding
with operational satellites, it is necessary to clean the GEO region. Thus, we propose
to elevate the orbits of the space debris to a region above this protected GEO “ring”,
which is commonly called a graveyard orbit, considering a solar sail such that the orbital
perturbations included will help to amplify the growth of the eccentricity of the debris. As
mentioned before and discussed in [27], the first-order SRP is the predominant perturbation
due to the high A/m ratio of the satellite (debris) after it is coupled to a solar sail. We
also analyze the possibility of removing space debris from the GEO region by pushing it
towards the Earth atmosphere. To perform this task, a large solar sail is used to increase
the eccentricity of the debris such that it reaches the so-called reentry region.

3. Numerical Experiments with Real Debris Orbital Data

Now we show the results obtained from the numerical experiments. The data for the
space debris used in the simulations is taken from the “stuffin.space” website, a platform
that receives daily updates with orbital data from “Space-Track.org”. The orbital data of the
debris considered in the dynamics for each result presented here is presented in the legend
of each figure. The disturbing potential given by Equation (5) is replaced into the system of
the Lagrange planetary equations. This system of equations is numerically integrated using
Maple software. For the numerical integration of the dynamical system, we use Maple’s
dsolve routine with the options “numeric” and “method = rkf45”, which represents an
integration using the Runge—Kutta—Fehlberg method.

In the mentioned website, http:/ /stuffin.space/ (accessed on 7 September 2022), we
obtain the initial conditions of real debris, called BLOCK DM-SL-DEB (2019-095E), which
we will call Case 1. Here, we investigate the mitigation process by removing the debris
into a graveyard orbit. Thus, we consider raising the debris to a new orbit 1000 km above
the geostationary ring. To perform this maneuver, we assume that we have a solar sail
coupled to the satellite with different values of A/m, namely A/m = [1,2,3,4,5,6] m2/ kg
and natural disturbances such as SRP, the flattening of Earth (J,), and the gravitational
perturbation of the Moon and the Sun.

Figure 1a shows that the eccentricity increases proportionally to the increase in the
A/m ratio in a short period of time. That is, the greater the value of A/m, the greater the
variation in the eccentricity of the debris in a short period of time. We see that, in less
than one year, the eccentricity reaches a considerable variation for all cases analyzed for
the values of A/m. Figure 1b shows the increase in inclination also for different values of
A/m. Note that the time to increase the variation of the inclination is much longer than
the eccentricity case, but there is a large inclination variation anyway. This can be used to
change the orbital plane of the debris. Note that we use zero for the argument of perigee
and longitude of the ascending node, because the site does not provide the values of these
orbital elements.
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Figure 1. Case 1. Payload object: BLOCK DM-SL-DEB (2019-095E). Initial conditions: a = 41,344.245 km,
i =120°¢e=0.012,¢g =0°h = 0°. Disturbing potential: < R]z + Rgrp + RTBPSun + RTBpan >.
Period of integration: (a) 10 years; (b) 100 years; (c) 10 years.

Figure 1c shows the apogee position. The horizontal lines in yellow and red represent
the protected GEO region. The black horizontal line represents the altitude of the chosen
graveyard orbit, which in this case is 1000 km above rgro (35,786 km). Note that, with
just a solar sail with A/m = 2 m2/ kg, the debris is directed to the desired orbit. However,
note also that, if no other maneuvers are performed, the debris returns to its initial orbit.
Then, when it reaches the desired altitude, a new maneuver must be performed so that the
debris remains in the orbit 1000 km above the protected region. This maneuver, which must
be performed when the debris reaches the desired altitude, is not the focus of this work.
Here, our main objective is to choose the A /m parameter for the debris to reach the desired
altitude. Furthermore, another objective is to choose convenient values for the argument
of perigee (g) and the longitude of the ascending node (1) that amplify the growth of the
eccentricity. To verify the contributions of these orbital elements, we plotted dynamical
(color) maps (see Figure 2a) varying the initial conditions for the argument of perigee and
longitude of the ascending node from 0 to 360 degrees with steps of 5 degrees. In the color
scale we show the amplitude of the eccentricity (Amp(e) = emax — emin)-

As shown in Figure 2a, the amplitude of the eccentricity depends on the initial values
of (g, h). In this way, we can direct the debris to one of these values of (g, /) that will
help to amplify the orbital eccentricity of the debris. The redder colors show the peak
amplitude of the eccentricity of the debris. Thus, besides choosing A /m, the pair (g, ) also
contributes to direct the debris to a previously established graveyard orbit. Figure 2a was
generated considering A/m =1 m?/kg, that initially the debris is not disturbed enough to
reach the graveyard orbit, as shown in Figure 1c. However, according to Figure 2a, some
values of (g, i) help to amplify the eccentricity of the debris. That is, taking A/m = 1 the



Symmetry 2023, 15, 1107

8 of 15

perturbation was not enough to increase the initial value of the eccentricity for the values
of (g, h) considered initially (see Figure 1c), but Figure 2a shows that there are some values
of (g, h) that can amplify the eccentricity and so the debris can enter the bounded region for
the graveyard orbit.
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w
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Figure 2. Case 1. Payload object: BLOCK DM-SL-DEB (2019-095E). Initial conditions:
a = 41,344.245 km, i = 1.20°, e = 0.012. Parameters: 0 < g < 360° and steps of Ag = 5°,
0 < h < 360° and steps of Ak = 5°. Disturbing potential: < Rj, + Rsrp + R7Bps,, + RTBPy0, >
Amp(e) = emax — ein- Time of integration: 5 years, A/m = 1 m?/kg. (a) Color bar is given by
Amp(e) x 1072; (b) Color bar is the time to obtain the eccentricity in (a).

Note that Figure 2b shows the regions where the values of (g, /1) contribute to ampli-
fying the eccentricity, and the color scale shows the time for this eccentricity growth to
occur. Thus, we can observe that, even with a solar sail with A/m =1 m?2/ kg, the debris
had its eccentricity increased, allowing the object to be directed to the graveyard orbit.
Then, it is possible to say that, using a solar sail with a lower area-to-mass ratio, which
contributes in technical terms to reduce costs, it is possible to perform the desired maneuver
by directing the debris to a certain value of (g, /). Note that we used g = 0and h = 0 as
initial conditions in the simulations that generated Figure 1c but, as we can see in Figure 2a,
this value contributes little to the growth of the eccentricity, highlighted in the blue color
scale. However, for other initial values of these angles, a region with accentuated values of
eccentricity is obtained, which contributes to the purpose of this work.

Case 2 takes into account the TITAN 3C TRANSTAGE DEB-1968-081H debris. The
initial conditions can be seen by looking at the legend of Figure 3a. Comparing Figure 3a
with Figure 1a, we can see that the eccentricity growth shown in Figure 3a is more pro-
nounced than in the case of Figure 1a. We also see that the pattern remains the same,
that is, increasing A/m the eccentricity variations are larger. However, we can see that,
in this case, the eccentricity is more affected by the SRP. Figure 3¢ shows that, with the
ratio A/m=1m?2/ kg, the debris enters the chosen graveyard orbit, except for Case 1 (see
Figure 1c), when ¢ = 0 and i = 0 were considered. However, for a range of values of (g, 1)
that includes Case 1, it was possible to see that the debris reached the graveyard orbit.

Figure 3b shows the variation in the inclination for six values of A/m. Asin Case 1,
there are large variations in this orbital element. Figure 3c shows that the debris takes a
certain amount of time (around half the year) to reach a height largerenough to enter the
defined region of the graveyard orbit, here defined as 1000 km above the GEO region. This
time can be smaller for other values of (g, 1), as shown in Figure 4b. The map in Figure 4a
shows the amplitude of the eccentricity when varying the angles g and /. The reddest
region is the one with the largest variation in eccentricity, but the debris already enters
the graveyard orbit for smaller eccentricity values, as we can see in Figure 4a,b. Finally,
analyzing the two cases, we can verify the possibility of removing space debris from the
GEO region to a graveyard orbit using a small solar sail, unlike the case analyzed in [27], in
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which the authors conducted a study to remove debris from the GEO region by pushing
the object towards Earth to be incinerated in the Earth’s atmosphere. Since a large solar
sail is needed to carry out the removal, then it is more complicated, in terms of technical
feasibility, to use the solar sail to clean the space environment. In any case, the authors show
that it is also possible to use the solar sail to reenter the GEO debris, but it will be necessary
to consider an extremely large solar sail such that the SRP can increase the eccentricity so
that the debris approaches the reentry zone. In the case of debris removal to the graveyard
orbit, a value of A/m =1m?/kg is required, which is technically feasible with the existing
technology. In [39], the sizes and shapes of the solar sails are discussed according to the
available technology.
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Figure 3. Case 2. Payload object: TITAN 3C TRANSTAGE DEB-1968-081H. Initial conditions:
a = 41,777.745 km, i = 2.46°, ¢ = 0.00616, g = 0°, h = 0°. Disturbing potential: < Rj, + Rgrp +
Rrppy,, + RTBPy,,, > Period of integration: (a) 10 years; (b) 100 years; (c) 10 years.

Case 3: Now, we present the results for the case where the space debris will be directed
to the reentry region, that is, close to Earth’s atmosphere, to be incinerated. Since the
“stuffin.space” site does not provide the data for the perigee argument g and the longitude
of the ascending node h of the debris, we show diagrams of g versus h for a range of
variation from 0° to 360° (see figure legends) to see if these orbital elements can contribute
to an increase in the eccentricity. Figure 5a,b show, through dynamical maps, the amplitude
of the eccentricity represented in the vertical color bar. Reference [27] shows the values
of the solar sail’s relation A/m such that the debris approaches the Earth’s atmosphere,
increasing its eccentricity due to the SRP acting on the sail. Thus, we choose the parameter
A/m based on this work, namely, A/m = 25 m? /kg.
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Figure 4. Case 2. Payload object: TITAN 3C TRANSTAGE DEB-1968-081H. Initial conditions:
a = 41,777.745 km, i = 2.46°, e = 0.00616. Parameters: 0 < g < 360° and steps of Ag = 5°,
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Amp(e) = emax — emin- Time of integration: 5 years, A/m = 1 m?/kg. (a) Color bar is given by
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Figure 5. Case 3. Payload object: EXPRESS 2A. Initial conditions: a = 38,751 km, i = 10.73°.
Parameters: 0 < g < 360° and steps of Ag = 5°, 0 < h < 360° and steps of Al = 5°. Disturbing
potential: < Ry, + Rsrp + RTBp,,, + RTBPyy,, >+ Time of integration: 5 years, Amp(e) = emax — emin,
A/m =25m?/kg. Amp(e) x 1071. (a) Real eccentricity e = 0.002; (b) Fictitious eccentricity e = 0.05.

Figure 5a shows that an object that presents a quasi-zero eccentricity (0.002) is strongly
disturbed when taking into account a solar sail coupled to the object. Note that the
amplitude of the eccentricity grows considerably until the object reenters the Earth’s
atmosphere, and this goal is achieved in the red regions. However, we observe that, for
certain initial values of the longitude of the ascending node, and by means of the variations
of the argument of perigee from zero to 360 degrees, we obtain constant ranges. However,
we notice that, when we change the eccentricity of the object to 0.05, Figure 5b shows that
these bands are destroyed and more complex regions appear in the dynamics. This means
that, for objects in circular or near-circular orbits, the effects of the disturbing forces are
even more accentuated. These results present a significant importance for the case of debris
in the GEO region, as many of these bodies have almost zero eccentricities. Another point
observed is that the presence of perturbations destroys completely the symmetry of the
orbits. It is worth mentioning that in the most realistic case, where the Earth’s atmosphere
is present, when the object is excited, especially by the SRP, the eccentricity is strongly
disturbed, so the SRP lowers the perigee of the debris orbit and consequently, with the
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friction of atmospheric drag, the debris does not return to the same apogee. In this way, it
reduces the altitude of the orbit until the debris is incinerated.

The characteristic of the orbital evolution of the debris is similar to the one appearing
in Figure 5b. From these figures, it is possible to identify the values in which the orbit
of the debris is more unstable. Namely, it means that, by directing the debris to values
of the argument of perigee and longitude of the ascending node chosen from the maps,
we can contribute to a decrease in the time of the orbital decay of the debris. Thus, we
can save on reentry time and sail cost by choosing more appropriately the mass and area
of the solar sail. These aspects contribute to the sustainability of space exploration, as
they provide possibilities for removing space debris while using a clean and abundant
propulsion mechanism that uses the energy of the Sun.

Now, considering Figure 6a, we show the simulation data taking into account the
TITAN 3C TRANSTAGE DEB 969-013D debris. Note that, for different values of (g, h),
we have different eccentricity amplitudes. In two specific regions (dark color), the debris
obtains the required eccentricity value to reach the reentry region (see the eccentricity
values on the scale of colors). The blue region shows the values of (g, k) that keep the
orbit relatively high in eccentricity, but do not allow the debris to reach the reentry region.
Figure 6a shows the conditions of (g, 1) that the debris must be directed to contribute to the
amplification of the eccentricity and thus reenter the Earth’s atmosphere when atmospheric
drag is taken into account in the dynamics. Figure 6b shows the variation in the same
angles shown in Figure 6a, but now the color scale shows the time when the debris reaches
the reentry region. Figure 6b shows the time when the space debris reaches the reentry
zone (radius of Earth + 120 km) for the values of (g, /1), which are the reddest regions in
Figure 6a. Note that only a few values of (g, /1) contribute to amplifying the eccentricity, so
that the debris can be directed to the reentry zone with a value of A/m = 25 m?/kg. As
shown in the figure, for some values of (g, /1) the debris reenters very quickly, a little over a
year, while in a small band (in yellow) it takes a little more than three years for that. This
analysis is very important to identify possible regions of instability where the eccentricity
of the debris can grow very quickly, causing the debris to reach the reentry region at the
perigee of its orbit. Depending on the value of (g, /), the reentry time changes, as shown in
the color scale of Figure 6b. In this case, the value of the ratio A/m =25 m?/ kg, which in
terms of technical feasibility is not possible due to the size required for the sail. The ESA,
NASA, and other space agencies are working to produce very large solar sails. Performing
a more refined search, we can obtain suitable regions for the values of (g, /) in which a
lower A/m ratio can be found and that can amplify the eccentricity variations. For this, a
larger number of simulations must be performed. In any case, this value will be considered
high in the case of debris in GEO orbit, which, to be pushed into the region of the Earth’s
atmosphere, needs a large solar sail.

It is worth noting that the ESA (https:/ /www.esa.int/Enabling_Support/Space_Engineering
Technology /Shaping_the_Future/Sail_solutions_for_space_junk, accessed on 7 September 2022) is
building a prototype solar sail with an area of 25 m?, which would be suitable for a space-
craft weighing around 700 kg. Moreover, according to the ESA, the sail can be increased
or reduced to meet the requirements, but it will always be very light and economical com-
pared to the fuel required for a controlled de-orbit maneuver. Although at the end of the
mission, or after a failure, the spacecraft may be tipping over, various aerothermodynamic
calculations have shown that it is safe to deploy the sail and that the satellite will slowly
self-stabilize without the need for an expensive guidance, navigation, and added control sys-
tem. Another advantage is that the entire subsystem, especially the spark plug membrane,
burns out very easily on reentry into the atmosphere, which is important for not falling
to Earth. NASA (https://science.nasa.gov/technology/technology-highlights /solar-sail-
propulsion-enabling-new-destinations-for-science-missions, accessed on 7 September 2022)
is developing the 1653 m? Solar Cruiser solar sail system for in-flight demonstration in 2025.
NASA (https://www.nasa.gov/directorates/spacetech /small_spacecraft/ ACS3, accessed
on 7 September 2022) has developed a technology that can be used in future missions for
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solar sails up to 500 square meters, approximately the size of a basketball court. According
to NASA, the technology now under development will allow solar sails of up to 2000 m?.
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Figure 6. Payload object: TITAN 3C TRANSTAGE. Initial conditions: a = 44, 311.745 km, i = 3.26°,
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Figure 7. Initial conditions: a = 41,344.245 km, i = 120°, e = 0.012, ¢ = 0°, h = 0°.
Disturbing potential: < Rj, + Rsgp + Rrppg,, + RTBPys,, > Time of integration: 20 years,
A/m = 25/700 = 0.000055 m?/kg, A/m = 1653/700 = 2.36 m?/kg, A/m = 2000/700 =
2.86 m?/kg.

Additionally, in order to analyze the eccentricity behavior (see Figure 7) considering
the information provided by the ESA and NASA, we used the values of 25 m?2, 1653 m?,
and 2000 m? for a mass of 700 kg. Note that these area-to-mass relationships are small, as
shown in the legend of Figure 7. Considering this type of sail, it is possible to redirect the
satellite (debris) to a graveyard orbit, as we can observe in Figures 1 and 2. However, in
the case of sending the debris to a region where the atmospheric drag plays a significant
role, these area-to-mass values do not contribute to achieving this objective. As we can see
in Figure 6, the eccentricity is more affected by the SRP for a high area-to-mass value, and
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thus, the solar sail contributes to lowering the perigee of the orbit while the atmospheric
drag contributes to the non-return of the debris to the same position. Finally, a detail worth
mentioning is that by decreasing the value of the mass it is possible to obtain a larger value
of area-to-mass, enabling then the reentry of the satellite (debris).

4. Conclusions

Given that, currently, the amount of space debris in Earth’s orbit already presents a
very alarming number, which may make space exploration infeasible in the near future, in
this study we show an option for the mitigation of space debris using a solar sail coupled
to the satellite (debris) in GEO. We consider the main disturbing forces to analyze the
dynamics of a solar sail coupled to the satellite, so that these perturbations, in particular
the SRP, contribute to the removal of these objects from the Earth’s orbit. We show colour
maps that can be useful in choosing the orbital parameters where the debris should be
directed to help increase the eccentricity growth and bring the debris closer to Earth’s
atmosphere to be incinerated or send the debris into a graveyard orbit. These mitigation
parameters are the argument of the perigee (g), the longitude of the ascending node (%), and
the area-to-mass ratio. We present results showing that it is possible to use a small solar sail
(A/m = 1m?/kg) to direct the debris into a graveyard orbit. In this way, with an adequate
choice of a pair (g, 1), we can reduce the debris reentry time, choose the appropriate value
of the area-to-mass parameter, or send it into a graveyard orbit. Choosing the appropriate
value of the area-to-mass parameter will reduce the costs of the solar sail. With this, we
intend to contribute to the mitigation of the risks caused by space debris in a sustainable
way through a clean propulsive mechanism that uses a source of energy that is also clean
and abundant, namely the energy of the Sun.
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