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ABSTRACT

In this work, we study the effects of solar radiation pressure (SRP) on the
problem of changing the orbit of an asteroid to support planetary defense, scientific
research, or exploitation of materials. This alternative considers a tethered reflective
balloon (or a set of reflective balloons) attached to the asteroid, with a high area-to-
mass ratio, to use the SRP to deflect a potentially hazardous asteroid (PHA) or to
approximate the target asteroid to Earth. The tether is assumed to be inextensible
and massless, and the motion is described only in the orbital plane of the asteroid
around the Sun. The model is then used to study the effects that the tether length,
the reflectivity coefficient, and the area-to-mass ratio have on the deviation of the
trajectory of the asteroid.

RESUMEN

Estudiamos los efectos de la presién de la radiacién solar (SRP) sobre el
problema de la modificacién de la érbita de un asteroide para propositos de defensa
planetaria, investigacion cientifica o explotacién de materiales. Consideramos un
globo reflector (o un conjunto de ellos) sujeto con una correa al asteroide, con una
relacién drea-masa grande, para utilizar la SRP para desviar a un asteroide poten-
cialmente danino (PHA), o para aproximar al asteroide a la Tierra. Suponemos que
la correa es inextensible y de masa cero. El movimiento se describe sélo en el plano
orbital del asteroide en torno al Sol. El modelo se usa para estudiar los efectos de
la longitud de la correa, el coeficiente de reflectividad y el cociente drea-masa sobre
la desviacion de la trayectoria del asteroide.

Key Words: balloons — celestial mechanics — minor planets, asteroids: general —

minor planets, asteroids: individual: PHAs

1. INTRODUCTION

Although found practically everywhere in the Solar
System, the majority of asteroids and comets are
concentrated in three locations: the Asteroid Belt,
the Kuiper Belt, and the Oort Cloud (Hsieh & Jewitt
2006).

Particularly, potentially hazardous asteroids
(PHASs) have become a research topic for several sci-
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entists around the world, due to the real possibilities
of a future impact with Earth. It is scientifically ac-
cepted that, in the past, the extinction of dinosaurs
was caused by the impact of an asteroid on the Yu-
catan Peninsula, in Mexico (Chappell et al. 2013).
At least two more events of smaller magnitudes re-
lated to the impact of asteroids can be found in Rus-
sia: Tunguska, in 1908, and Chelyabinsk, in 2013.
There are several studies dedicated to the characteri-
zation of these rocky bodies, such as shape, size, spin
state, and composition (Ostro et al. 1995; Nolan et
al. 2013), which are necessary for remote reconnais-
sance and space exploration missions, as shown in
Bosanac et al. (2015); Liang et al. (2019); Aljbaae
et al. (2020). This information is also important
to understand the origin and evolution of planetary
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systems, since small bodies are considered to be rem-
nants from the formation of the Solar System (Michel
et al. 2015).

Over the last decades, there was an increased ef-
fort to develop asteroid deflection techniques. These
strategies can be classified depending on the charac-
teristics of the asteroid, the mechanism that causes
the deflection, and the time available to complete the
mission. For example, the change in angular momen-
tum of an asteroid can be performed through the use
of kinetic impactors, nuclear interceptors, and mass
drivers (Brack & McMahon 2020; Sanchez-Lozano et
al. 2020). The first measurement of a kinetic impact
experiment is planned for 2022 by NASA’s Double
Asteroid Redirection Test (DART) mission, whose
target will be the binary near-Earth asteroid system
Didymos (Cheng et al. 2018).

Low-thrust techniques can also be considered,
such as gravity tractors, or passive methods, such
as changes on the surface of the asteroid by ther-
mal induction (Bottke Jr et al. 2006; Vasile & Mad-
dock 2010). One example of the latter technique is
a study using a tethered system formed by a solar
sail attached to an asteroid with a tether of constant
length (Gao & Wu 2016). The gravity tractor is
a technique that uses the perturbation coming from
the mass of the spacecraft that is positioned near the
asteroid (Lu & Love 2005). There are also studies
of formation flying with solar sails and gravity trac-
tors, which are combined to optimize the deflection
(Gong et al. 2009). This is a weak perturbation, so
longer times are necessary to change the trajectory
of the asteroid. When using this technique, times of
the order of hundreds of years need to be considered.
An assessment of several deflection mechanisms can
be found in Sanchez et al. (2009) and an overview of
techniques can be found in Morrison (2019).

Space tethers are long cables with several dif-
ferent proposed applications, such as space eleva-
tors (Woo & Misra 2013; Cohen & Misra 2017),
tether satellite systems (Misra 2008), debris removal
(Aslanov & Yudintsev 2013), electrodynamic teth-
ers for power (Estes et al. 2000), etc., but they are
not limited to these applications. They can also
be used for the displacement of the center of mass
of the PHA, by attaching a long tether and a bal-
last mass to the asteroid (French & Mazzoleni 2009;
Mashayekhi & Misra 2012, 2016). A smaller asteroid
may also be used as a ballast mass, or even boulders
from the surface of the asteroid (Vil’ke et al. 2013;
Venditti et al. 2015, 2018; Marchi et al. 2018; Ven-
ditti et al. 2020).

Solar radiation pressure (SRP) can also affect the
motion of asteroids indirectly, for example, by plac-
ing a solar sail on the asteroid to change its trajec-
tory; it also can be used for asteroid de-spin to opti-
mize the deflection (Dachwald & Wie 2007; Kikuchi
& Kawaguchi 2018). In this paper, our main objec-
tive is to analyze the influence of the SRP on the dy-
namics of an asteroid-tether-balloon system by using
a reflective balloon (or a set of balloons) with high
area-to-mass ratio to increase the acceleration due
to SRP, pulling the asteroid outwards of the Sun.
The tether used to attach the balloon to the aster-
oid keeps the balloon away from the asteroid. It is
expected that the effect of the SRP will become more
evident in regions of closer proximity to the Sun.

The Yarkovsky and YORP effects are thermal ra-
diation driven phenomena. These effects can change
the trajectory of small asteroids, depending on their
physical properties (Farnocchia et al. 2013; Vokrouh-
licky et al. 2015). The smaller the body, the greater
will be the orbit perturbation. The SRP overcomes
the thermal effects on the asteroid-tether-balloon
system; therefore, the thermal contribution is ne-
glected in this work.

The proposed technique adds a new option to
the non-disruptive techniques (which do not cause
fragmentation) to change the orbit of an asteroid.
The main advantage, if compared to other tethered
techniques, is that the use of long tethers and large
masses (ballast) are not required, as proposed by
French & Mazzoleni (2009); Mashayekhi & Misra
(2012); Venditti et al. (2020). There is also no fuel
consumption involved after the system is built, which
is another advantage of the technique suggested here.
Another application of this strategy would be to
transfer these bodies closer to Earth to explore them
scientifically or commercially. An example is the on-
going OSIRIS-REx mission, whose goal is to return
a sample from asteroid Bennu (Aslanov & Yudint-
sev 2013; Vokrouhlicky et al. 2015; Lauretta et al.
2017). A technique to bring asteroids to the prox-
imity of the Earth could help future sample return
missions, as well as asteroid mining missions.

In § 2, we present the physical model of balloon-
tether-PHA system and the development of the
equations of motion. In § 3, the effect of the bal-
loon on the orbit deviation and, consequently, the
effect of the SRP, is obtained by making a compar-
ison between the real orbit of the asteroid, i. e.,
without the balloon, and the orbit of the asteroid
with the balloon attached. We performed the simu-
lations considering asteroid Bennu, and also a small
fictional asteroid. The root mean square deviation
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is used to verify the impact of each parameter of
the system on the deviation of the asteroid and to
obtain empirical equations to relate these parame-
ters. Furthermore, the results show that the SRP
allows greater deviations in the trajectory for bal-
loon configurations with a high area-to-mass ratio
when compared to the use of the gravity tractor in
a period of a century of operation, the usual time
considered for gravity tractor techniques. Finally,
we conclude (in § 4) that this study contributes not
only to the verification and validation of the effect
of SRP on asteroid deflection, but also to present
general results through simple equations.

2. METHODOLOGY

In this section, we describe the development of the
mathematical model of a system consisting of a bal-
loon with a reflective surface and a high area-to-mass
ratio, attached to an asteroid with a tether. In the
last part of this section, the variables used to lay-
out the results, as well as the scheme of the numer-
ical simulations, are shown. The physical model is
two-dimensional and the dynamics of the problem
is described in the plane of the orbit of the aster-
oid around the Sun using the Lagrangian formalism.
Due to this first simplification, the model is valid
only for asteroids with low orbital inclination. Fur-
thermore, the mass and flexibility of the tether are
not considered. Current limitations and constraints
on the structural construction of the whole appara-
tus are not the focus of this work and are not dis-
cussed here.

2.1. Physical Model

Figure 1 shows the schematic representation of the
system, where the two main reference systems are
presented. The inertial frame (XY'), Sun-centered,
is represented by the unit vectors é;,é,. The unit
vectors ay, s refer to the rotational frame (zy), with
origin at the center of mass of the asteroid. We as-
sume that they are aligned with the asteroid’s prin-
cipal axis of inertia. The letters S, A, B, and P refer
to the Sun, the center of mass of the asteroid, the
point of attachment of the balloon, and the point of
attachment of the tether, respectively.

There is a large number of parameters and vari-
ables related to this model: m4 is the mass of the
asteroid, Ap/mp is the area-to-mass ratio of the bal-
loon, M is the mass of the Sun, Rg4 is the distance
between the Sun and the asteroid, Rp,4 is the dis-
tance between the center of mass and the point of

peribdion
(asteroid)

Fig. 1. Schematic representation of the physical model.
The color figure can be viewed online.

attachment on the asteroid, Rp is the distance be-
tween the center of mass of the asteroid and the bal-
loon, Rgp is the distance between the Sun and the
balloon, [ is the length of the tether, v is the true
anomaly of the asteroid, 6 is the rotation angle of
the asteroid, a is the angle that the tether makes
with AP, ¢ is the angle between the perihelion of
the Earth and the perihelion of the asteroid, 7 is the
angle between Rga and Rgp, £ is the angle between
Rp 4 and the x-axis of the reference system (zy), ¢ is
the angle between Rp4 and Rap, For is the gravi-
tational force of attraction of the Sun on the balloon,
and Fppg is the force applied by the solar radiation
on the balloon.

The angle « is assumed to be constant (the tether
has no pendular motion) to keep the position of mpg
fixed with respect to my. This assumption facili-
tates the modeling phase because the position of the
center of mass of the system does not change with
time. In addition, only m4 has a rotation about
its own principal axis. In the model adopted, we
have three degrees of freedom (or generalized coor-
dinates), which are: Rga, v and, 6.
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Fig. 2. Geometry used to determine the velocities of
the asteroid and the balloon in the inertial coordinate
system. The color figure can be viewed online.

2.2. Mathematical Model

Figure 2 illustrates the geometry required to deter-
mine the velocities of the asteroid and the balloon
with respect to the inertial frame (XY'). Two inter-
mediate reference frames (2/,y’) and (z”,y") are used
in the transformation of coordinates of the balloon
from the body system (xy) to the inertial system
(XY).

The position and velocity vectors of the asteroid’s
center of mass are represented by equations (1) and
(2), and the position and velocity vectors of the bal-
loon are shown in equations (3) and (4). The equa-
tions are described in the inertial coordinate system
(centered in the Sun):

Taxy = Rsacos(v)éy + Rgasin(v)éa, (1)
VAyy = [RSA cos(v) — Rgavsin(v)]éy +
[Rgasin(v) + Rgav cos(v)]és, (2)

TBxy =[lcOS(a + &+ 60+ v) + Rpacos(&+ 0+ v)+
Rgacos(v)]éy + [Isin(a+ &+ 60 +v)+
Rpasin(é + 0 +v) + Rga sin(v)]éa, (3)

UBxy = [RSA cos(v) — Rgavsinv—
Rpasin(é +0+v)(0+10)—
Isin(a+ &+ 0 +v)(0 +v))ér+
[RSA sin(v) + Rgav cosv+
Rpacos(&+0+v)(0+ i)+
Lcos(a+ &+ 0 +v) (6 + v)]és. (4)

From equations (2) and (4), we have the following
scalar products:

_ S 22 2 .9
VAxy "VAxy = RSA + RSAV ) (5)

TByy - UByy = RE4+ REAP + 120+ v)*+

R, (0 + )% +2(0 + 0)[IRp (6 + ©) cos(a)+

RpaRsavcos(§+0) 4+ IRsav cos(a+ &+ 60)—
RsaRpasin(€ +6) — [Rg4sin(a + & + 0)]. (6)

The total translational kinetic energy is com-
posed of two parts, the first one associated with the
PHA and the second one with the balloon, according
to equation (7).

1 . . 1 o _.
Trx = imA(’UAxY 'UAXY) + imB(vBXY : UBXY)'
(7)

We assume that the asteroid rotates and the bal-
loon is static with respect to the asteroid. The coor-
dinate system defined on the asteroid originates from
its center of mass and it is aligned with its main axes.
In equation (8), we have the total rotational kinetic
energy, given by:

1 .
Trr = §IA(9 + )%, (8)

where I 4 is the moment of inertia with respect to the
axis normal to the plane of motion of a homogeneous
body resulting from the association of the asteroid,
the tether, and the balloon.

Bennu has an oblate spheroidal shape with a
prominent equator, frequently called “top-shaped”
(Michel et al. 2020). Simulations using the spher-
ical harmonics expansion to consider the asteroid
oblateness did not show significant differences when
compared to a sphere for this type of configuration
(Venditti et al. 2020). Therefore, Bennu was mod-
eled as a sphere with a diameter of 492m in this
paper.! Equations 9 show the two formulations that

Thttps://ssd.jpl.nasa.gov/sbdb.cgi#top (last access Jan-
uary/2021).
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are used to calculate I4 with respect to the center
of mass of the asteroid. The first one was used for
the asteroid alone, while the second one is an ap-
proximation for the asteroid-tether-balloon system.
These two formulations are necessary, since the sim-
ulations using the asteroid and the simulations us-
ing the asteroid-tether-balloon models are made in-
dependently of each other.

2
=M 4R for asteroid (spherical equator),

%m AR:+mpR? ; for asteroid-tether-balloon,

(9)

where Ry is the characteristic length of the asteroid.

Therefore, by replacing equations (5) and (6) in

equation (7) and summing the expression obtained

with equation (8), we have that the total kinetic en-
ergy of the system is given by:

1 . .
Tror = §(mA +mp)[Rg, + Res0° )+

1 .
50+ )2 [mB(ZQ +RE )+ Ia|+

mp(0+ ) [IRp A8 + 0) cos(a)+

PARg A1 cos(€ + 0)+

IRsav cos(a+ & +0) — RsaRpasin(E + 0)—
IRgasin(a+¢&+0)|. (10)

The acceleration due to the solar radiation pres-
sure depends on the orientation of the Sun light with
respect to the surface of the balloon. However, we
consider a simplified model where the SRP is always
normal to the surface of the balloon (Farrés 2017).
The effect of imperfections and absorptions of pho-
tons by the surface of the balloon can be considered
in a more realistic model and requires a more de-
tailed study (Deng et al. 2019), which is out of the
scope of this work. Thus, the acceleration due to the

SRP (Pg) can be expressed as:

AB)( au )2 A —Ts

ﬁR:_CrPrad<7 = = = e
mp/ \|Fa —7s|/ |Fa—Ts|

(11)
where ¢, is the solar radiation pressure coefficient
(considered equal to 2 for maximum reflectivity),
Pyqq is the SRP at an au (4.56 x 1079 N/m?), where
au is the Astronomical Unit (the average distance
Sun-Earth, 1.49597870700 x 10® km), Ap is the pro-
jected area in the direction of the Sun, mp is the
mass of the balloon, 4 is the position vector of the
asteroid, and s is the position vector of the Sun.

In this study, the phenomenon of occultation of
the balloon by the asteroid (shadow) is not consid-
ered. The SRP acceleration on the asteroid is also
neglected, and only the effects on the balloon are
analyzed. Therefore, the absolute value of the solar
radiation force can be expressed as (Luo et al. 2009):

2
IFr= CTPradAB( i ) , (12)
Rsp
where Rgp is the distance between the Sun and the
balloon.
According to McInnes (1999), we can interpret 8
as the ratio between the solar acceleration and the
gravitational attraction acting on the balloon, i.e.,

¢p ProgApau®

FPR R2SB au2 AB
= = = rPra .
6 FGR GMmB ¢ dGM mp (13)
Rip

Since the SRP is proportional to the inverse
square of the distance to the Sun, it is common to
write its effect as a correction of the Sun’s gravi-
tational attraction (Simmons et al. 1985; McInnes
1999; Zotos 2015). Thus, the resulting force acting
on the balloon, written as a function of the parame-
ter 3, is:

Frps = — (1-5). (14)

Based on Brouwer & Clemence (1961), we can
write the potential energy between the Sun and the

asteroid, and the Sun and the balloon, respectively,
as:

Rsa  GMmy GMm
Ugq = — / I A Rg, = ——— 2 (15
SA - R%'A SA RSA ( )

flse  GM
Usp = —/ —ﬂ(l — B)dRsp

00 R%’B
GM
=21 ). (16)
SB

The position of the balloon relative to the as-
teroid is kept fixed. We assume that there is no
gravitational potential between these bodies. The
distance between the Sun and the balloon (Rgp) is
determined by applying the cosine law in the trian-
gle (SAB) shown in Figure 1. We assume that the
distance between the Sun and the asteroid is much
greater than the distance between the balloon and
the asteroid (Rap << Rga). Then, we can develop
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1/Rgsp in a power series as a function of Rg4. Equa-
tion (17) shows the result of this series truncated in
the second term.

1 1 Ras
Rsg  Rsa R%,

cos(0+ &+ o). (17)

The total gravitational energy of the system is
given by the sum of equations (15) and (16), after
replacing Rgp by equation (17). The final result is
shown in equation (18).

GM
Uror = — Rf ma +mB(1 - 6):|+
SA

R
mp(l— B)GM RﬁB
SA

cos(0 +&+¢). (18)

Thus, the Lagrangian of the system is obtained
by subtracting the kinetic energy from the potential
energy. The result is shown in equation (19).

L=Tror — UTOT:“F%(mA +mp)(Rea + R&a0?)
50+ 0 m( + Fba) + L]
+mp (6 + ) [lRPA(é + i) cos(a)

+RpaRsavcos(§+6) +IRsavcos(a+ & + 6)

- . - . GM

—RsaRpasin(§é+0) —IRsasin(a+ &+ 0)] + mAR—A
GM Rap

+mp(l—B) [RSA - GM 2 cos(0+¢ + go)]

(19)

Finally, the second-order differential equations
for the generalized coordinates Rga, v, 6 for the
asteroid-tether-balloon system are obtained from
the Lagrange equations, assuming that the non-
conservative forces are zero. The results are shown
in equations (20), (21) and (22).

(ma +mp)[Rsa — Rsat’]

GM [mA—l—mB(l—B)(l—QﬁAj cos(0 + &€ + o) )]

+—
R34

—mpb(v +0) [RPA cos(0 4+ &) + lcos(a+ 0 + &) }
—mpo(i+ ) [RPA cos(0 + &) +lcos(a+ 0+ & }
0,

—mp(i+ 6) [RPA sin(0 4 &) + Isin(a + € + 0)]
(20)

i[mp(2lRpa cos(a) +1° + Rp 4
+2mpRsa(lcos(a+ &+ 6) + Rpacos(€ +6)

~—

— =

+(ma + mB)RéA] + mp [é(lRSA cos(a+ &40
+2lRpa cos(a) + 12+ R%A + RpaRsacos(€+0)

—ftsa(Isin(a + € +6) + Rpasin(¢ +0)

N— ———

—RsAé(l cos(a+ &+ 60)+ Rpacos(é+0) )

+2v [RSA (mB (lcos(a+ &+

)
~

+Rpacos(§+0)) + (ma+mp)Rsa

~——

—mpRsaf(Isin(a+ & 4 0) + Rpasin(€ + 0))

[

+mpl [RSA(Z cos(a+&+60)+ Rpacos(é+0)
—RsAf(Isin(a+ €+ 6

Y Rpasin(é + 0))} +Ia(f+ i) =0,
(21)

—_ —

~mpRsa(Rpasin(€ +0) + Isin(a + € +0))
+mBz?[R5A(RpA cos(§ +0) + lcos(a+ £+ 0))
—Rsa0(Rpasin(é +0) + Isin(a + € + 0))] + La( + i)
+mp [ — Rsab(Rpa cos(€ + 0) + Lcos(a + & + 0))
+0(1* + Rba + 21Rp 4 cos())

+0(I* + Rp o + 2lRpa cos(a)
+RpaRsacos(§+0) + IRsa cos(a+ & + 9))]
—mp (v +0) [ — RsaRpacos(€ +0)
—IRsacos(a+ &+ 0)

—RsARpavsin(€ +0) — [Rsavsin(o + € + a)]

_ GMmp(1 - B)Rapsin(p + £ +0)

=0.
Ra

(22)

2.3. Main Parameters and Overview of the
Simulations

Recent papers found in the literature use high val-
ues of the area-to-mass ratio to study the dynamics
of debris in Earth’s orbit (Valk & Lamaitre 2008;
Anselmo & Pardini 2010; Rosengren & Scheeres
2013; Frith & Moriba 2014). The membranes known

s “gossamer” can be used to build large thin struc-
tures. These structures can be useful in many space
applications (Deng et al. 2019). Another example of
future missions that will use large structures is to
transport telescopes to the stratosphere for scientific
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Mg
Balloon | 2 000 kg ; 20,000 kg, and 200,000 kg

Reflectivity coefficient
¢ =20
3 |
mg
1-10- 100 2-20-200 3-30- 300
kg mikg kg
o o | o |
80 80 80
Tether [km] 120 120 120
160 160 160

Fig. 3. Overview of the simulations.

purposes.' Inspired by these ideas, we use high val-
ues of area-to-mass ratio for a different purpose: to
maneuver an asteroid. We propose to use a balloon
that uses the SRP as a propulsion system and this
concept is tested in this work. The effects of the
balloon’s mass (mp), the length of the tether (I),
and the area-to-mass ratio (Ap/mp) of the space-
craft are the parameters considered in the analysis,
as shown in the flowchart of Figure 3 .

We use two parameters 6 and A to measure the
deviation of the asteroid due to the balloon. These
two parameters are, respectively, the distance Earth-
asteroid, which is calculated for trajectories with and
without the presence of the balloon; and the relative
distance between the trajectories with and without
the balloon. The latter can be calculated because
the equation of motion of the asteroid, considering
the balloon, is integrated along with the equation of
motion of the asteroid without the balloon, respec-
tively. Then, the trajectory of the asteroid without
the balloon can be considered as a reference trajec-
tory. Figure 4 shows the two main deviation param-
eters. These parameters are also used to assess the
efficiency of using a balloon to deflect an asteroid,
since the larger the deviation in the trajectory the
more efficient is the configuration adopted. Both pa-
rameters are calculated using the distance between
two points in the Cartesian plane.

Lhttps://www.nasa.gov/feature/jpl/nasa-mission-will-
study-the-cosmos-with-a-stratospheric-balloon (last access
January/2021)

\ \

v \ _» perturbed trajectory

Fig. 4. Parameters of deviation between (a) the trajecto-
ries of the PHA with the balloon and without the balloon
(b) asteroid-tether-balloon system and Earth. The color
figure can be viewed online.

The effect of the SRP acting on the system is
inserted in the mathematical model through the pa-
rameter 3. The relation of Ag/mp with 3, for ¢, =
2.0, is given by [see equation (13)]:

Ap

2B — 684.208 . (23)
mg

3. RESULTS AND ANALYSIS

In this section, we analyze the results obtained from
the numerical simulations using the proposed physi-
cal model. In § 3.1, the lowest fuel consumption for
a transfer between Earth and Bennu is determined
for a 20-year interval, from 2020-2040. The relative
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TABLE 1

ORBITAL PARAMETERS OF 101955 BENNU
AT EPOCH 2455562.5 (2011-JAN-01.0)

Element Value

a 1.12639 au

e 0.20374

q 0.89689 au

i 6.03493°

Q 2.06087°

w 66.22307°
Pp 436.64873 days

distance A between the trajectories of the asteroid
with the balloon and without the balloon (reference
trajectory), and the distance §, from the PHA to the
Earth, are discussed in § 3.2 and § 3.3, respectively.

The root mean square (RMS) is frequently used
to calculate experimental errors. However, this
method can be used to compare two models, as in
Sanchez et al. (2014). Therefore, we calculate the
RMS deviation from the orbit with the balloon with
respect to the orbit without the balloon. In this case,
empirical equations are obtained to relate the tether
length and the area-to-mass ratio with the mean de-
viations (§ 3.4).

3.1. Determination of the Initial Position of the
Bodies

Numerical simulations were performed for asteroid
101955 Bennu. The main reasons for choosing this
asteroid are: (i) it is one of the top PHAs on the
Sentry list!, which monitors objects with the poten-
tial of a future impact with the Earth; (ii) it has
low orbital inclination (our physical model is two-
dimensional); (iii) it is the target of the OSIRIS-
REx mission. Table 1 shows the orbital parameters
of this body, which are: semi-major axis (a), eccen-
tricity (e), perihelion distance (gq), inclination (i),
longitude of the ascending node (), argument of
perigee (w), and orbital period (Pg). In addition,
Bennu has a mass of 7.8 x 10'° kg, with dimensions
0.565 km x 0.535 km x 0.508 km, and a rotation
period of 4.297 h.

The choice of the initial date for the position of
the bodies (Bennu and Earth) was obtained through
a model based on the patched-conics (Crenshaw
1963; Miele & Wang 1999; Sanchez et al. 2019). The

Thttps://cneos.jpl.nasa.gov/sentry/ (last access Jan-
uary/2021)

TABLE 2

DEFINITION OF LINE OF APSIDES OF EARTH
AND BENNU AT INITIAL TIME

Date of departure Line of apsides

of the Earth Bennu
spacecraft w(®) Q) w®) Q°)
28 Oct 2035 28790 175.18 66.46 1.92

best trajectory is found such that it minimizes the
fuel consumption (AV') required to transfer a space-
craft from the Earth (circular orbit with 200 km al-
titude) to the desired body in an given time inter-
val (2020-2040). The initial position of the bodies
and the arrival and departure dates of the space-
craft are shown in Figure 5. The duration of the
transfer is 353 days, and the consumption required
by a bi-impulsive maneuver is AVyror = 3.243km/s.
Notice that the arrival date is very close to the cross-
ing point of the orbits of Bennu and the Earth. This
result is expected, because maneuvers for orbital in-
clination correction are very costly. It was also con-
sidered that the tether is fixed to the balloon imme-
diately after the arrival of the spacecraft in Bennu
(red trajectory).

Table 2 contains the argument of pericenter (w)
and the longitude of the ascending node (€2) used to
define the position of the Earth’s perigee (7g) and
Bennu’s perigee (7p). From this, it was considered
that the line of apsides of the orbit of Bennu coin-
cides with the X-axis of the inertial system, which
means that the perigee of its orbit is on that axis.
The same hypothesis was used to numerically inte-
grate the Earth’s orbit. However, for the launch date
of the spacecraft (10.28.2035), the phase angle be-
tween the line of apsides of Bennu and the Earth is
1 = 34.69°. In this way, it is necessary to rotate
the Earth coordinates position using the coordinate
transformation matrix between the inertial system
and the rotational system, centered in the Sun (Val-
lado 1997).

Finally, Table 3 presents the initial conditions for
the simulations.

3.2. Determination of Distances from the Earth

In this section, we will discuss the orbit deviation’s of
the PHA by the balloon connected with the tether,
using masses of 2000 kg, 20 000 kg, and 200 000 kg for
the balloon. The simulations show that the use of the
balloon results in two types of deflections. The first
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Fig. 5. Initial position of the bodies and the orbital geometry. The color figure can be viewed online.

TABLE 3
INITIAL VALUES OF STATE VARIABLES

Variables Values
v [deg] 30.30
RSA [km] 1.374 x 1011
0 [deg] 0
v [deg/s] 1.406 x 107°
Rga [km/s] 2.947 x 103
0 [deg/s] 0.0232

one will be called a negative deflection, i.e, Bennu is
brought closer to Earth, as observed in Figure 6 at
a time of 56.30 years. However, at a time of 122.99
years, the deflection is set to positive, because the
use of balloon increases the distance between Bennu
and the Earth.

Figure 7 shows the distances from Bennu to
Earth in separate graphs, for the two scenarios men-
tioned above; the cases in which the deviations of
the trajectories without balloon (“dashed pink line
curves”) and with the balloon, but without taking
into account the SRP (“black dashed curves”). The
two dashed curves are practically overlapping, since
the mass of the balloon is very small compared to
Bennu’s mass. Therefore, the center of mass of
the system suffers a small displacement and, conse-
quently, the deviations are less significant, in con-

trast with the results obtained by Venditti et al.
(2020), since the ballast is much more massive than
the balloon considered in this paper.

For balloons with mass of 2000 kg and 200 000 kg,
the same results shown in Figure 7 were obtained.
However, they were omitted here. Equation 24 al-
lows us to directly evaluate the deviations between
the black dashed curve (without balloon) and the red
curves (with balloon),

dnp/p=0Np —0p, (24)

where oy p and dp refer to the distance between the
PHA and the Earth, with and without the attached
balloon, respectively.

In Figures 8(a) and 8(c), the deflections were
positive, that is, in these cases the use of the bal-
loon decreased the distance between the Earth and
the PHA. In contrast, Figures 8(b) and 8(d) show
that the deviations are negative, meaning that the
PHA'’s trajectory is increasing its distance from the
Earth. In both cases the ratio Ag/mp amplifies
the magnitude of the deviations. For example, in
56.3 years it is possible to deflect the asteroid by
25 RgArTH, considering a balloon of 200 000 kg and,
AB/’ITLB = 300 m2/kg.

3.3. Dewviations Due to Orbit Perturbation
The simulations were made with the four tether
lengths presented in Figure 3. However, in this sec-
tion, only the results for the 40 km tether are shown.
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The effect of the tether length on the deviation is a

subject of analysis in §

The analysis shown in Figure 9 was made for 150
years and it shows the deviations in the trajectory

3.4.

due to the balloon [see Figure 4(a)], considering a
balloon with 20000kg. The deviations are propor-
tional to Ap/mp. Simulations for longer periods of
time, and perturbations, such as N-bodies, general
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relativity, Yarkovsky effect, flattening of planets and
moons, among others, should be considered in the
physical model, but this is not the main objective
of the present paper. Furthermore, the method pro-
posed in this work may be more appropriate when
considering warning times of a few decades, as is the
case with the gravity tractor method (NTRS 2015).

The results for balloons with masses of 2000 kg
and 200000kg are shown in Figure 10. In the first
year of simulation there is no deviation, because this
period refers to the time that the spacecraft travels
to Bennu, as can be seen in the magnification of this
part of the figure. The magnitude of the deviations
when increasing the mass by a factor of 100 is also
shown. For example, a less massive balloon gener-
ates a deviation of 0.70 Rgarry when Ap/mp is

300 m?/kg [see Figure 10(a)], whereas a more mas-
sive balloon (one hundred times larger) enables de-
viations of approximately 70 Rgparry for the same
settings [see Figure 10(b)].

3.4. Effects of the Tether Length: Mean Deviation
of the Trajectory

To summarize the large amount of results and to
present them in a clear way, we use the root-mean-
square deviation, according to equation 25. Usually,
the RMS method is used to calculate the error of
an experimental measurement with respect to a ref-
erence value, or even to calculate the error of an
approximation with respect to a true value of this
function (Freedman et al. 2007; Sanchez et al. 2014).
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However, this method can also be used to compare
two sets of values, one used as a reference set and the
other one as the “measurement” set. In our case, we
used the RMS to compare the trajectory without bal-
loon, which is our reference orbit, with the trajectory
generated by the simulation considering the balloon.
In this case, this RMS deviation shows the deviation
from one trajectory to another. Hence, we need to
determine the differences between the reference and
perturbed (with balloon) orbits. Particularly in this
problem, we define the reference values (yx) as de-
termined by the Keplerian orbit, and the perturbed
values (g) as those obtained by the perturbed sys-
tem, with the addition of the tether and the balloon.
The total number of points evaluated corresponds to
the value of N.

1
RMS§ - N

The RMS deviation for a balloon with a mass of
20000kg is shown in Figure 11. We used the RMS
deviation to quantify the effect of the tether length
(1) on deviations with the Earth (§). Using this tech-
nique, it is possible to note that the change in RM Sy

is less sensitive to [, considering the values of mp
used. In all cases, we have determined linear equa-
tions that relate these two parameters. The residu-
als between the values calculated with the model and
the linear approximation were less than 0.1 km, as
seen in Figure 12(a). Figure 12(b) shows the norm
of residuals, when is a measurement of the quality of
the fit, where a smaller value indicates a better fit.

Table 4 shows the differences with respect to the
longest and shortest tether length considered. It can
be seen that Ap/mp has little relevance for each
particular analysis of m g, but the magnitudes of the
deviations increase by the same factor (10) as the
increase in mp.

Figure 11 shows the three curves (with their re-
spective equations) obtained by the linear fit. This
same procedure was performed for the other two val-
ues of mp used, but the graphs are omitted. The lin-
ear coefficient of these equations can be divided by
Ap/mp, such that three linear equations for RM S,
as a function of [ and Ag/mp, are obtained. Then,
a single general equation was obtained for the cal-
culation of RMSs as a function of all the balloon
parameters (I, Ag/mp, and mp), as given in equa-
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TABLE 4
EFFECT OF TETHER LENGTH (I) IN RMSs; CONSIDERING THREE MASS VALUES (Mg) FOR THE
BALLOON

AB/mB RMSJ]GUkrn — RMS54okm [km]

[m? /kg] mp = 2000 kg mp = 20000kg mp = 200000 kg
100 4.658 46.268 462.625
200 4.638 46.249 462.435
300 4.625 46.248 462.284

—e AB/mB =100 m?/kg
—e Ag/mg =200 m?/kg
AB/mB =300 m?kg
my = 2000 kg my, = 20000 kg my, = 200000 kg
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Fig. 12. Comparison between the calculated data and the linear fit for mp = 2000kg, mrp = 20000kg, and mp =
200000 kg; (a) residuals, (b) norm of residuals. The color figure can be viewed online.

tion (26). The RMSs has a linear behavior that is
directly proportional to 107 °mp. The new coeffi-
cients obtained in each step, for the reduction of the
equations, were calculated using a simple mean.

A
RMSs — 10—5mB(1.923z + 222.986m—3). (26)
B

In this empirical equation, it is verified that, for
the same value of Ag/mp, increasing the mass of
the balloon (mp) implies that we must increase the
cross section area illuminated by the Sun (Ap), that
is, the balloon will have larger physical dimensions.

3.5. A Particular Case: Deflection of Small
Asteroids
In this section, we will test the concept of trans-
ferring a small asteroid, similar to the one in the
Chelyabinsk event in 2013, to orbits closer to the
Earth, for scientific and space mining purposes. The
deviation method we propose provides trajectory ap-
proximations in shorter times (18.9 years), because
the mass of the asteroid is of the order of 10° kg.
Moreover, we will also show the case where the as-
teroid can be deflected farther from the Earth after
56.3 years from the start of the application of the
method. The initial condition vector of the asteroid
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Fig. 13. Distance between a small asteroid and the Earth, in terrestrial radius units, considering a balloon with mp =
2000 kg and a tether of 40 km, for a period of operation of less than 20 years. The color figure can be viewed online.

considered is shown in Table 3 (§ 3.1), as well as the
other parameters.

Figure 13 shows the effects of mp and Ag/mp
for the situation where the asteroid would be ap-
proaching the Earth. In the cases discussed in the

previous sections, we had mp/ma = 2.56 X 108
for mp = 2000kg. However, here we consider
mp/ma = 2.56 x 107*. The reduction of this ra-

tio implies that a mass of 2000 kg becomes more
effective in changing the trajectory of the asteroid,
as expected. This effect causes a deviation of about
0.8 Rparry in approximately 19 years of simula-
tion and is determined when the magenta and black
curves are compared. The lengths of [ considered
here do not change this deviation beyond about a
few hundred kilometers, because the operating time
is short and mp is small. In this way, the center of
mass of the system undergoes very small displace-
ments.

We were able to transfer an approaching aster-
oid from a distance of 689.5 RgarrTH tO approx-

TABLE 5

APPROXIMATE VALUES OF § DUE TO THE
CHANGES OF Ap/Mg"

Ap/mp [m?/kg] dd [RparTH]

1-2-3 2.34
10 - 20 - 30 23.40
100 - 200 - 300 234.00

“For the case of deflection of the trajectory of the asteroid
to bring it close to Earth.

imately 28 RparrH, using Ag/mp = 300m?/kg.
This would bring it closer to Earth by 180 000 km.
Table 5 shows the effects of the balloon param-
eters on the variation of §. Note that deviations of
more than 200 RgarrTH were obtained by using the
proposed technique to bring the asteroid closer to
the Earth. This shift saves very large amounts of
fuel, if these transfers are performed using engines.
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TABLE 6

APPROXIMATE VALUES OF § DUE TO THE
CHANGE OF Ap/Mg"

TABLE 7

APPROXIMATE VALUES OF A DUE TO
CHANGES OF Ap/Mp

Ap/mp [m2/kg] dd [REarTH]

1-2-3 7.25
10 - 20 - 30 72.50
100 - 200 - 300 725.00

Tether [km)] Ap/mp [m?/kg] dA[RgarTH]
1-2-3 6.73
40 - 80 - 120 - 160 10 - 20 - 30 67.26
100 - 200 - 300 672.65

“For the case of deflection of the trajectory away from
Earth.

Figure 14 shows the results for the case where
the PHA trajectory is increasing its distance from
the Earth. The asteroid approaches 108 Rgarry in
natural conditions (black curves) after 56.3 years of
simulations. The increase in [ at 40 km corresponds
to an approximate increase of 2.5 Rgpagrry in the
deviation ¢, for any Ag/mp configuration.

Table 6 shows the approximate values for the
variations caused in ¢ due to changes in the bal-
loon parameters. The deflection is increased by
7.25 RgparrH as Ag/mp increases by 1m?/kg. For
example, a balloon with 3m? /kg of mass area offers
an additional 14.5 Rgarry in 6, when compared to
a balloon with 1m?/kg. This would be the simplest
design and construction out of all the balloon con-
figurations considered, but it is important to see the
possibilities of this technique. Deviations of more
than 700 RgagrrH can be achieved. Of course they
depend on high values of the area-to-mass ratio, but
our goal is to show the potential of the technique,
even if there are technological problems for its appli-
cations. Besides, there are also intermediate values
that are closer to be technologically viable.

Equation (27) provides approximate values of A
as a function of the balloon parameters for 50 years
of operation. The effect of [ is much smaller than
the effect of Ap/mp.

A = 0.058] + 6.721A—B. (27)
mp
Table 7 shows the variations in A due to changes
in the balloon parameters. A is little sensitive to
[ and is directly proportional to Ag/mp. There is
also a large range of values, of the deviations, from
6.7 RearTH to near 670 RparTH.

4. CONCLUSION

In this work, the main objective was the investiga-
tion of an alternative solution to modify the orbit of
an asteroid that poses a risk of collision with Earth,

or to bring the asteroid closer for mining purposes
or scientific research. The proposed technique sug-
gests the use of one balloon (or several) with a large
area-to-mass ratio that is attached to the asteroid
with a tether, using the SRP to alter the trajectory
of the asteroid. This technique enables the devia-
tion of the whole asteroid, avoiding unpredictable
situations caused by fragmentation, as might hap-
pen when using other deflection methods, such as
the kinetic impact or nuclear explosives.

There are two factors that modify the trajectory
of the asteroid. The force coming from the SRP, and
the displacement of the center of mass of the system
due to the mass of the balloon. The deviations com-
ing from the SRP are much larger and dominate the
scenario, because the mass of the balloon is much
smaller than the mass of the asteroid. Although it
is a technique that takes several years to deliver re-
sults, larger deviations can be obtained depending
on the configuration of the balloon, when compared
to the use of the gravity tractor, which is a tech-
nique that also requires a large period of time to be
implemented.

In the case that we consider, an asteroid with
mass similar to that of (21088) Chelyabinsk, the
minimum distance Earth-asteroid was reduced by
1.2%, 10.6 % and 96 %, when Ag/mp was 3m?/kg,
30m?/kg and 300m?/kg, respectively. This result
was obtained in less than 20 years of operation. In
addition, the distance from the asteroid after 56.3
years of operation was 22 times greater when we con-
sider Ag/mp = 300m?/kg.

On the other side, if the goal is to bring the aster-
oid closer to Earth for mining or scientific research,
a decrease in distance of the order of 700 RparrTH
was achieved. Those are important values, because
a space mission would require much less fuel to reach
the asteroid.

It is noted that the largest deviations are ob-
tained using large values of area-to-mass ratio, which
would cause technological problems for the construc-
tion of the balloon, but the goal of the present paper
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Fig. 14. Distance between a small asteroid and the Earth, in terrestrial radius units, considering a balloon with mp =
2000 kg and a tether of 40 km, for a period of operation of less than 60 years. The color figure can be viewed online.

is to show the potential of the proposed technique,
not taking into account technological problems. Be-
sides, there are also intermediate values of deviations
that do not require such large balloons, specially con-
sidering the possibility of using several smaller bal-
loomns.

Therefore, shorter tethers can be used to attach
multiple balloons to the surface of the asteroid, thus
constituting large areas for collecting the SRP. This
configuration is much more feasible, because it re-
duces the structural stress in the tether, facilitat-
ing the construction of the whole apparatus, which
would be fixed on the asteroid. In addition, other
cases could be predicted from the empirical equa-
tions that relate the main parameters of the model.
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