arXiv:1408.1254v1 [math.DS] 6 Aug 2014

ON THE DYNAMICS OF SPACE DEBRIS: 1:1 AND 2:1
RESONANCES

ALESSANDRA CELLETTI AND CATALIN GALES

ABSTRACT. We study the dynamics of the space debris in the 1:1 and 2:1 resonances,
where geosynchronous and GPS satellites are located. By using Hamiltonian formalism,
we consider a model including the geopotential contribution for which we compute the
secular and resonant expansions of the Hamiltonian.

Within such model we are able to detect the equilibria and to study the main features
of the resonances in a very effective way. In particular, we analyze the regular and
chaotic behavior of the 1:1 and 2:1 resonant regions by analytical methods and by
computing the Fast Lyapunov Indicators, which provide a cartography of the resonances.
This approach allows us to detect easily the location of the equilibria, the amplitudes of
the libration islands and the main dynamical stability features of the resonances, thus
providing an overview of the 1:1 and 2:1 resonant domains under the effect of Earth’s
oblateness.

The results are validated by a comparison with a model developed in Cartesian
coordinates, including the geopotential, the gravitational attraction of Sun and Moon
and the solar radiation pressure.

1. INTRODUCTION

Since humankind started the conquest of space, a number of debris accumulated and
now populate the sky, from the near atmosphere to the geostationary region. Such debris,
whose size runs from a few millimeters to several centimeters, are remnants of spacecraft
explosions or collisions, non-operative satellites, rocket upper stages, etc. ([17]). Current
estimates show that there exist about 3-10% objects with size larger than 1 mm and about
3.5 - 10° objects larger than 1 cm. The impact of such debris with operative spacecraft
or satellites could result in a dangerous or even dramatic situation; the accumulation of
debris in specific regions of the sky - where most of operative satellites are positioned
- cannot be neglected anymore. Understanding the dynamics and evolution of space
debris is essential for maintenance and control strategies, as well as to assess mitigation
procedures ([22], [23]).
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The aim of this work is to provide a detailed study of a model describing the main
resonant regions, precisely where GEO and GPS satellites' are positioned. Our models
are valid for spherical objects, typically space debris, while the study of satellites requires
the analysis of more complex effects, like the shape or flexibility of the spacecraft. In
particular, we introduce the Hamiltonian function describing the effect of the Earth’s
gravity field and we expand it to get the secular and resonant terms.

Our main goal is to obtain an accurate, though computationally fast, description of
the resonant regions, using an approximation of the 1:1 and 2:1 resonant Hamiltonians,
so to be able to discern between regular and chaotic behaviors (compare with [9], [26],
[27]). We stress that the mathematical tools adopted in the present work, although being
elementary, allow us to reach a twofold aim: to get a deeper insight in the dynamics of
resonant motions of space debris and, at the same time, to obtain the main features of
the dynamical behavior in a reasonable computational time, especially when compared
to dynamical studies based on Cartesian equations. We claim that the results provided
by the Hamiltonian formalism describing the geopotential effects can be used as starting
point to get a more detailed description of the dynamics. Furthermore, we stress that
the study presented in this work turns out to be very effective also for the investigation
of minor resonances (e.g. 3:1, 3:2, 4:1, etc.), whose size is typically very small, sometimes
amounting to a few hundreds meters (compare with [4]) and therefore extremely difficult
to find with the Cartesian formalism.

To describe the regions that will be the object of investigation of our study, let us intro-
duce the following (nowadays standard) classification of the sky, according to the altitude
from the Earth, in three main regions, referred to as LEO (acronym of Low—Earth—Orbit),
MEO (Medium-Earth-Orbit) and GEO (Geostationary—Earth-Orbit); the altitude of
such regions varies according to the following description. LEO is the region between
0 and 2000 km, which is mainly affected by the Earth’s attraction (including the effect
of the oblateness) and by the air drag. In this work we shall analyze objects in MEO
(the region between 2000 and 30000 km) and GEO (at altitudes larger than 30000 km,
where the decay mechanisms are absent). Objects in MEO are mainly affected (in order
of importance) by the GMg term, Earth’s oblateness J, and Jsy, the attraction of the
Moon, the influence of the Sun and the solar radiation pressure (hereafter SRP; see, e.g.,
6], [7], [21], [24]). In GEO the effects of Sun and Moon are bigger than Earth’s oblateness

LGEO stands for geostationary orbit, located at about 42164 km from Earth’s center, while GPS is
the acronym for Global Positioning System, a network of satellites at about 26560 km from Earth’s
center.
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Joo (see [18], [26], [27], [28]). In the case of a large area—to—mass ratio, the solar radiation
pressure is important and induces long periodic (yearly) variations in the eccentricity.

GPS orbits are located at about 26 560 km from Earth’s center; here satellites move
with a period of 12" (sidereal time), namely half of the period of rotation of the Earth.
We shall refer to this situation as a 2:1 gravitational resonance. Much of the present
work is devoted to the study of the 2:1 resonance, whose typical effect is to provoke
long—period changes of the eccentricity.

A geostationary orbit is situated on the equatorial plane at about 42164 km from
Earth’s center. Here, an object has an orbital period equal to the Earth’s rotational
period (one sidereal day), and thus it appears motionless, at a fixed position in the sky,

to ground observers. This situation corresponds to a 1:1 gravitational resonance.

The 1:1 (in GEO) and 2:1 (in MEO) resonances will be the main object of this work,
as, outside LEO, most of the satellites (and therefore most of the debris) are currently
found in these regions. Sometimes we will refer to these resonances as GEO and MEO
resonances, with clear reference to the satellites that populate the corresponding resonant
regions. The identification of the dynamical character around the 1:1 and 2:1 resonances
is of seminal importance for the following reasons: stable regions allow us to minimize
the eccentricity growth, while chaotic behaviors can be skilfully exploited for mitigation
strategies, either moving the debris in graveyard regions or aiming at its re—enter and
destruction into the atmosphere.

Most of the works available in the literature use Cartesian equations to describe the
dynamics of space debris. The advantage of the Cartesian approach (see Section 2) is that
one can easily include all effects (geopotential, lunisolar perturbations and solar radiation
pressure; for other important effects, like Earth’s shadowing, see [15]). The disadvantage
is that it is difficult to catch the resonances, due to their limited size (often just of a few
kilometers), and to get a description of the dynamics inside the librational regions. The
present work aims to exploit the full power of the Hamiltonian formalism, which provides
a careful and detailed description of the resonant regions, once the main harmonics are
taken into account. Since the Hamiltonian approach contains some approximations, the
results are validated by a comparison with the integration of the complete Cartesian
equations of motion.

Within the Hamiltonian formalism, we compute the secular and resonant parts (see
Section 3), considering only the effect of Earth’s oblateness and disregarding all other

effects. For these terms we provide explicit (sometimes long) expressions, which can be
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handled analytically or integrated numerically. While providing such expansions, we ana-
lyze the dominant terms (namely those terms with magnitude bigger than other terms of
the expansion) as a function of the eccentricity and the inclination. This procedure pro-
vides a very efficient way to recognize which terms prevail in specific regions in the orbital
parameters. The outcoming analysis shows a marked difference between the 1:1 and 2:1
resonances, since for the 1:1 resonance a term of order Jo, dominates almost everywhere,
while for the 2:1 resonance different terms are dominant according to the value of the
eccentricity and the inclination. An expansion of the Hamiltonian around the resonant
location and simple canonical transformations allow us to reduce the Hamiltonian to a
pendulum-like system with one single harmonic, which provides the computation of the
amplitude of the libration region around the resonance (see Section 4). Though yielding
an elementary estimate of the libration amplitudes, the results are in good agreement
with the integrations performed using the complete Cartesian equations (i.e. including
the luni—solar attraction and the solar radiation pressure).

A cartography of the 1:1 and 2:1 resonances is provided in Section 5 through the
computation of the Fast Lyapunov Indicators (hereafter FLIs). The FLIs provide an
efficient tool to study the stable and chaotic behavior of a dynamical system by comparing
the values of the FLIs as the initial conditions or parameters are varied. Such analysis
has been shown to be very effective in distinguishing between regular, resonant or chaotic
motions ([11], [10], see also [13], [14], [12]). Using the FLIs, different cartographic studies
are performed in Section 5 to describe the 1:1 and 2:1 resonances (see also [25] where a
different chaos indicator has been used).

For the 1:1 resonance we investigate the effects of Earth’s gravitational perturbations
up to degree and order four. In particular, we see that the location of the equilibrium
points is not influenced by the longitude of the ascending node, but it depends on the
argument of perigee. However, since for the 1:1 resonance a term of order Jo; dominates
almost everywhere, this dependence on the argument of perigee is negligible, except for
some specific regions in eccentricity and inclination, where more dominant terms coexist.

As far as the 2:1 resonance is concerned, by using a toy model including the secular
term and a reduced number of dominant terms, we show that there is a superposition
of harmonics. For inclinations different than the critical inclination i = 63.4° (at which
so—called frozen orbits are found), we observe that the resonance splits into a triplet of
resonances with a complex interplay of regular and chaotic motions due to the interaction

between the different harmonics. It is also remarkable that, for ¢« = 70.53°, a transcritical
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bifurcation phenomenon takes place: the stability of the equilibria reverses for small
changes in the inclination, thus allowing to move a debris from a stable to an unstable
zone (or viceversa). An exhaustive analysis of transcritical bifurcations for different
resonances is performed in [4].

This work is organized as follows. In Section 2 we introduce the Cartesian equations
of motion including the effects of the Earth’s oblateness, the gravitational attraction of
Sun and Moon, and the solar radiation pressure (see also Appendix 6). The Hamiltonian
approach is presented in Section 3, which provides also the analysis of the resonant and
dominant terms. The reduction to a pendulum-like structure is given in Section 4, where
an estimate of the resonant amplitudes is provided. The cartographic study based on the

computation of the FLIs is presented in Section 5.

Acknowledgements. We are grateful to Alessandro Rossi for very useful discussions
and his constant encouragement; we also thank Christoph Lhotka for helpful suggestions.

We thank the reviewers for several comments which helped to improve this work.

2. GEOPOTENTIAL, LUNISOLAR AND SOLAR RADIATION PRESSURE EFFECTS

In this section we introduce the Cartesian equations of motion of a space debris S
under the influence of the Earth, taking into account the oblateness and the rotation of
our planet, the effects of the Moon and of the Sun as well as the solar radiation pressure.
We refer to [1], [5] for further details.

The equations of motion are provided by the sum of the contributions of the Earth’s
gravitational influence, computed over the whole volume Vg of the Earth and including
the oblateness effect, the solar and lunar attractions, proportional to the masses mg and
myy of Sun and Moon, and the solar radiation pressure:

r—r,

b= G [ o) T

Ve r— I'p|3

dVE—Gmg< r—ts | Is )

+
r—rs]®  |rsf?
A r—rg

r —Ty 19V
~ Gma( )+ CoPad (5 ,
T v —rp? + lra|? + s (m) Ir —rg|3

(2.1)

where G is the gravitational constant, p(r,) is the density at some point r, inside the
Earth, r, rg, ry, are the position vectors of the debris, the Sun and the Moon with
respect to the Earth’s center, C, is the reflectivity coefficient, depending on the optical
properties of the space debris surface, P, is the radiation pressure for an object located
at ag = 1 AU, % is the area—to—mass ratio with A being the cross—section of the space

debris and m its mass. The vectors rg, rj can be found in [1], [20] as a function of time.
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We introduce two reference frames centered in the Earth, the quasi-inertial frame with
unit vectors {ej, ey, e3} fixed and the synodic frame with unit vectors {f, fs, f3} rotating
with the same angular velocity of the Earth. We choose the orientation of these vectors
such that e3 = f3 is perpendicular to the equatorial plane and f;, f3 are in the Greenwich
meridian plane.

Denoting by (7, A, ¢) the spherical coordinates in the synodic frame, the geopoten-
tial associated to the first term at the right hand side of (2.1), expanded in spherical
harmonics, can be written as ([1], [16], [20])

V(r,o,\) = G{YE i ( ) Z P (sin @) (Chypm cosmA + Sy sSinm) |

n=0
where Mg, Rg are the mass and equatorlal radius of the Earth, the quantities P* are

defined in terms of the Legendre polynomials:

Pur) = g (@2 1)), PR) = (- e {Pa)

while C,,,, Spm are the spherical harmonic coefficients of the geopotential ([16]).

For reasons which will be clear in the following sections, in our computations we
consider a model with Earth’s gravity harmonics up to degree and order n = m = 3.
Since the corresponding system of equations involves long expressions, in the following
we present a simplified system obtained by taking into account just the Earth’s gravity
harmonics up to degree and order two; for self—consistency we provide in the Appendix
some details on the derivation of the equations of motion. The reader can easily use the
results presented there in order to get the full system of the equations that we use in this
paper. Denoting by (z,y, z) the coordinates in the quasi—inertial frame, the equations of
motion, in which the Earth’s gravity harmonics are considered up to n = m = 2, are:
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+ C,P.a% (E) (2.2)

r —rgl?’
where Cg = (g cos 20 — Sy sin 20, Cgf = (9981026 + Sy cos 26, and 6 is the sidereal

time.

3. HAMILTONIAN FORMULATION OF THE RESONANCES UNDER THE GEOPOTENTIAL

In this section we provide the Hamiltonian formulation of the equations of motion by
considering just the effect of the geopotential. We give explicit expressions for the secular
part as well as the 1:1 and 2:1 resonant Hamiltonians. We use action—angle Delaunay
variables (L, G, H, M,w,()), which are related to the orbital elements (a, e, i, M,w,2) by

the expressions
L=./uga, G=LV1—¢e?, H = Gcosi, (3.1)

where ugp = GMEg, a is the semimajor axis, e the eccentricity, ¢ the inclination, M the
mean anomaly, w the argument of perigee, (2 the longitude of the ascending node (see,

e.g., [3]). Recalling that 6 is the sidereal time, the Hamiltonian can be written as

2
H(L,G, H, M,w,Q,0) = —% + Rearan(a, €., M, w,Q,0) , (3.2)

where R, denotes the disturbing function, whose explicit expression will be given in
Section 3.1.

3.1. The disturbing function R.,.,. In the geocentric quasi—inertial frame, the dis-

turbing function Re,., is given by (see [16])
Reartn = _7 Z Z <7) Z an;l?(l) Z anq(e) Snmpq(Mv W, Qu 9) : (33)
n=2 m=0 p=0 q=—00
The functions F,,,, Gy are given by the following relations (see [16]):

. o (2n — 2'UJ)' . h——92w - m m ..
Eam(®) = 2 e w0 = — 2wy P2 (s e

w s=0

xZ(”_m_f“’”)(pT;fC)<—1>C‘k, (3.4)

C




8 A. CELLETTI AND C. GALES

n—m
2

values for which the binomial coefficients are not zero; the functions G, are defined as

where k = [25™], w is summed from zero to the lesser of p and k, ¢ is summed over all

G”PQ(e) = (_1)|q|<1 + B2)n5|q| Z Pnquanqkﬁzk 5 (35)

k=0
where
e

1V

h
- 2p' —2n \ (=1)" (n—2p'+q)e,,
Pnqu - Zo( h—r ) N ( 2ﬁ ) )

with h = k + ¢’ when ¢’ > 0 and h = k when ¢’ < 0;

" 20 \ 1 (n—=2p"+¢)e.,
Q"mk:;<h—pr)ﬁ( 2 .

where h = k when ¢’ > 0 and h = k — ¢’ when ¢’ <0, p’ = p and ¢’ = ¢ when p < n/2,

p =n—pand ¢ = —q when p > n/2. It is worth mentioning that G,,,(¢) = O(el1)).
To complete the description of (3.3), we provide the expression of Sy,p,. If we introduce

the quantities .J,,,,, and \,,, defined by

Jnm:\/CELm—l—S?Lm 1fm7£0, JnOEJn:_ no

Cnm = —Jum Cos(m)\nm> ) Snm = —Jum Sln(mknm) )

then we can write S, in the form

—J,.. cos U if n —m is even
Snm — nm ~nmpq 3.6
P { —Jpm sin Ve if n—mis odd , (36)
where
Wpiinpg = (0= 2p)w + (0 — 2p + @) M + m(Q — ) — MM, - (3.7)

3.2. Expansion of the Hamiltonian. With reference to (3.2), the long term variation
of the orbital elements is governed by the secular and resonant terms associated to the
perturbing function R, once we average over the non-resonant terms.

Therefore, in the rest of this section we focus our attention on the secular and resonant
parts up to terms of degree and order n = m = 4. We will see in Section 5 that the
fourth degree provides a sufficiently accurate description of the dynamics. Therefore, we

approximate Reqqn by

_ psec res nonres ~u
Rearth = Rearth + Rearth + Regrtn = Z Z Vnm !
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sec TEeS nonres

secns RLes, . RIS are, respectively, the secular, resonant and non-resonant

where

parts of the Earth’s potential and

_ peRE
- an+1E Zanp Z anq nmpq(M (A) Q 9)

q=—00

In order to define the resonant contributions, we need the following definition.

Definition 1. A p : g gravitational resonance for p, ¢ € Z\{0} occurs when the orbital
period of the object and the period of Farth’s rotation are commensurable in the ratio §:

namely the following relation holds:
gM—-pO=0, (3.8)

where M provides the mean motion of the object and 0 is the angular speed of the Earth’s

rotation.

We stress that (3.8) can be satisfied only approximately, namely within a specific accu-
racy, as it happens, e.g., in spin—orbit or mean—motion resonances in Celestial Mechanics.

Since the frequencies w, 2 are small but not zero, then for a specific resonance the
resonant angles \Tfnmpq in (3.7) for different n, m, p, ¢ have zero derivative at different
locations, thus providing that each resonance splits into a multiplet of resonances. The
exact location of the resonance for each component of the multiplet is obtained by using
the exact relation \Tfnmpq =0.

In the following sub-sections we provide the explicit expansions of the secular and
1:1 resonant parts of Req., up to the second order in the eccentricity, while the 2:1
resonant contribution is expanded up to the fourth order in the eccentricity, due to the
fact that many highly eccentric satellites are located in the 2:1 resonant region. Though it
would suffice to provide the formulae given in Sections 3.1, 3.2 to compute the secular and
resonant parts of R..n, we believe worthwhile to give the explicit expressions, since their
forms are seminal for the discussion of the dominant terms as well as for the introduction

of toy models, which will help to explain some features of the resonant dynamics.

3.2.1. The secular part of the disturbing function Re...n. Recalling the expression for
Snmpq given in (3.6), the secular terms correspond to m = 0 and n — 2p + ¢ = 0. Using
(3.3), the values for the functions F' and G obtained from (3.4), (3.5), and the formula

(3.6) for Spmpq, we get the following expression for the secular part of the geopotential
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up to second order in the eccentricity:

2 1
sec ~~ /’LEREJ2 (3 Sinzi - _)(1 _ 62)_3/2

earth

al 4
+ MEf:E . [(‘% sin' i + 1—2 sin’ ) 3762(1 — €?)77/? cos(2w)
(% sin?i — %snﬁ i+ g) (1+ 3762)(1 - 62)_7/2] - (39)

We remark that since Jy > J3 and Jy > Jy, the Jo-term is dominant.
We report in Table 1 the values obtained according to the EGM2008 model of C,,,,

Spm and J,,,, in units of 107°, as well as the values of )\, ([8], see also [5], [20]).

3.2.2. Resonance 1:1. The 1:1 resonant terms correspond to n — 2p +q¢ = m, m > 0.

Retaining just the terms up to second order in eccentricity, we obtain:

2
Rmﬂﬂglﬁﬁﬁﬂg{Zﬂ%mef(ﬂ—gé)aﬁDMJ—H%wu+(2—Amﬂ

th
ear a3

2
+ geQ sin?i cos[2(M — 6 + Q — )\22)]}

+ %{Z sini(1 + cosi)(—g) cos(M — 0 + 2w+ Q — Agp)
+ ge(—g sinicosi) cos[M — 6 + Q — )\21]}
+ 7ME}§%J31 {—1—2 sin®i(1 + cos Z)%ﬁ cos(M — 0+ 3w+ Q — A31)
+ G—Z sin?4(1 + 3 cosi) — 2(1 + COSi)) (1+2¢%) cos(M — 0 +w+Q — Az)
+ G—Z sin?4(1 — 3 cosi) — Z(l — cosz')) He? cos(M —0 —w+Q— >\31)}
+ %‘%@{—1—; sini(1 + cosi)?esin(2M — 26 + 3w + 22 — 2A37)
+ %sinz’(l —2cosi — 3cos®i)esin(2M — 20 + w + 20 — 2)\32)}
+ %{%(1 4 cosi)3(1 — 6€2) cos[3(M — 0 +w + Q — As3)]

4 2
+ §5 sin®i(1 + cos z)% cos(3M — 30 + w + 382 — 3>\33)}

i 1
+ %{(?—2 sin®i(1 4 2 cosi) — g(l + cos i) sini)gsin(M—«9+2w+Q — A1)

a

15 . 105 . 4 \be |
+cosz<zsmz—1—6s1n32>?sm(M—9—l—Q—)\41)}
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4 1 2

+ @{—% sin®i(1 + cosi)? %COS[Q(M — 042w+ Q — A\
a

05 . ,. . 15 » )

+ <? sin”i cosi(1 4 cosi) — g(l + cos i) )(1 +e”)cos2(M — 04+ w+Q — Ayp)]

105 .92 2 . 15 . 9. 2

+ <—16 sin” (1 — 3 cos” 1) Zsm Z>56 cos[2(M — 0 + 2 )\42)]}
R4 J45 (105

n HEltg 43{

o . e\ .
e 6 sin (1 + cosi)? (—?> sin(3M — 360 + 4w + 3Q — 3\y3)

1
+ % sini(1 — 3cos®i — 2cos® i) (%) sin(3M — 360 + 2w + 3Q — 3>\43)}

4
1
@{%(1 + cosi)* (1 - 1le2> cos[4(M — 0 +w+ Q — A\yy)]
a
2

105 53
+ 1 sin®i(1 + cos)? (T6> cos(4M — 40 + 2w + 4Q — 4)\44)} :

+

(3.10)

From Table 1 we see that the leading coefficients are Jos, J31. Therefore, with reference

to (3.10), let us introduce the following notation:
T = g1(L, G, H) cos[2(A — M)
To=g2(L, G, H) cos[2(A —w — Ag2)] (3.11)
T3 = g3(L, G, H) cos(A — Aa1)

where
R%.J5 3 5
g = %1(1 +eosi)’(1 - 5¢?)
R2.J5, 27
g = Lgm—ez sinzi (312)
a 8
R3.J. 15 3
g3 = %{E sin®i(1 4 3 cosi) — Z(l + cosi)}(l +2¢%) |
and

A=M-0+w+Q,

is the so—called stroboscopic mean node.

The magnitude of each term in (3.10) varies with the eccentricity and the inclination.
In order to compare the effects produced by the terms of R’®L! and to provide an
analytical argument for the numerical results which will be presented in Section 5, we

introduce the following heuristic definition of dominant term.
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Definition 2. For given values of (a,e, i), equivalently for given values of (L,G, H), we
say that a specific term, say ;. for some k € Z, of the expansion of RTSL! is domi-
nant with respect to the other harmonic terms of the resonant part, if the magnitude of

lgr(L, G, H)| is greater than the magnitude of any other term of the expansion.

-1082.6261 0 1082.6261 0
-0.000267 | 0.0017873 | 0.001807 | —81°5116
1.57462 | -0.90387 | 1.81559 | 7570715

2.53241 0 -2.53241 0
2.19315 | 0.268087 | 2.20947 | 18679692
0.30904 | -0.211431 | 0.37445 | 72°8111
0.100583 | 0.197222 | 0.22139 | 80°9928
1.6199 0 -1.619331 0
-0.50864 | -0.449265 | 0.67864 | 41°4529
0.078374 | 0.148135 | 0.16759 | 12170589
0.059215 | -0.012009 | 0.060421 | 5671784
-0.003983 | 0.006525 | 0.007644 | —14°6491

R R W W W W NN NS
AW R OWND R~ ON R~ O

TABLE 1. Values of Cy, Spm, Jum (in units of 107%); computed from [8].

We proceed to provide an analysis of the dominant terms, which turns out to be a
simple, but essential tool to perform fast computations. In particular, we underline
which are the most important terms to be taken into account in the expansion of the
geopotential, thus avoiding the integration of very long expressions, like those given in
(3.10). With reference to (3.11), in Figure 1 left we represent the index of the dominant
term as a function of eccentricity and inclination, where the colors are set as follows: black
means that max{|g1|, |g2|, |g3|} = |g1|, brown shows that |g»| has the highest value, yellow
expresses the fact that T3 dominates. From the analysis of Figure 1 left we conclude that
%1 dominates in almost all regions of the plane, except for some high eccentricities and
inclinations. A refined analysis shows that for small inclinations and eccentricities the
magnitude of T; is much greater than the magnitude of any other term in the expansion.
This will be the main reason for getting a pendulum like behavior with the stable point
located at A = Ag9, see Remark 3 and compare with Figure 3 below. In conclusion, for
given values of eccentricity and inclination, Figure 1 provides the dominant term of the
expansion (3.10). Of course the analysis can be extended by considering more terms of
the expansion (3.10), but we limit our discussion to the most relevant ones leaded by the

coefficients Joo, J31, whose size is the highest one, as it is shown in Table 1.
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FIGURE 1. Left: dominant terms in RI5! as a function of (e,4): T

black, To-brown, Ts—yellow, where T;, Ty, T3 are defined in (3.11). Right:

: - res2:1 \ g 3 : - - o _
dominant terms in RLS%! as a function of (e,i): t;—black, to—brown, t3

yellow, where t1, ty, t3 are defined in (3.13). The blue dot at (e,i) ~
(0°,70°) corresponds to a fourth degree harmonic term.

3.2.3. Resonance 2:1. The 2:1 resonant terms correspond to 2(n — 2p + q) = m, m > 0.
In this case we extend the computations up to the fourth order in the eccentricity, since
in the GPS region there are satellites (e.g., Molniya satellites) with very high values of

the eccentricity, say e € (0.5,0.75). Thus, we obtain the following expansion:

. R% Jy (3 3
Rres%l o M{Z(l + cos i)2<—E + 6—) cos(M — 20 + 2w + 2Q2 — 2\y9)

earth a3 2 16
3 3 27
+ B sin? i(ie + 1—6€3> cos(M — 260 4 2Q — 2)49)
3 67¢3
+ 1(1 — COS 2)24—§ cos(M — 20 — 2w + 29 — 2)\22)}
R%.J5 (15 2 et
+ %{g sin (1 4+ cos z)z(% + 2—8) sin(M — 20 + 3w + 2Q — 2)35)

4

15 239
+§ﬁmﬂl—2mM—3m§OO+ﬂg+— I)ﬂMMEQQ+w+QQ—2&Q

11e?  49¢*
SP + 1—2) sin(M — 20 — w + 2Q — 2)\39)

sin(M — 20 — 3w + 2Q — 2)\32)}

15
- gsini(l + 2cosi — 3(30522')(

15 131e?
— —sini(1 — cosi)? ‘
8 128

R} Jis (105 19¢3
+ %{5 sin?i(1 4+ cos 2)24—§ cos(M — 20 + 4w + 2Q — 2\y9)
105 15 > 33¢°
+ <? sin?i cosi(1 + cosi) — §(1 + cosi)2> (g + 1—2) cos(M — 20 + 2w + 2Q — 2\y9)
105 15 ) 135¢e3
+ (1—6 sin?i(1 — 3cos? i) — vy sin? 2) (56 + 166 ) cos(M — 20 + 20 — 2)5)

3

105 15 49
- (— sin?i cosi(1 — cosi) + §(1 — COS 2)2) 486 cos(M — 20 — 2w + 2Q) — 2)\42)}

8
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2 4

MER%J44 105 aa(€ € B B
+t—5 {—16 (14 cosi) ( 5~ 3 ) cos[2(M — 20 + 2w + 20 — 2)\y)]
1 4
+ % sin? (1 + cos i)2<1 +e? + %) cos[2(M — 20 + w + 2Q — 2)44)]

4

315 155
+ < Sin4i<562 + 126
4

1
+ % sin?i(1 — cos i)2% cos[2(M — 20 —w + 2Q — 2>\44)]} :

) cos[2(M — 260 +2Q — 2\ )]

Definition 2 of dominant terms can be straightforwardly extended to any resonance.

In particular, by comparing the magnitude of each harmonic in R"¢*%! we note that the

earth
most important terms in RZ%%1 are t1, ¢y and t3, where
,uER2EJ22{3 ,2< e e3> w }
_ AETET22 [2 “C S Y cos2a + 2
t e 4( + cos i) 5t 16 cos[2(\ + 5 A22)]
_,UER%;JQQ 3 . 2. 3 273 w
ty = T{§ sin 2(56 + 1—66 ) cos[2(\ — 5 )\22)]} (3.13)
R J3 (15 239
t3 = sz%z{g sind(1 — 2cosi — 3 cos? 1) (1 + 2¢* + 6—464> sin[2(A — )\32)]}
a

and A is the stroboscopic mean node defined in the case of the 2 : 1 resonance by
1
A:§[M+w—2(9—m]. (3.14)

The right panel of Figure 1 is the analogue of the left one for the 2:1 resonance and it
shows the dominant term as a function of eccentricity and inclination, where the colors
are set as follows: black means that ¢; dominates, brown shows that ¢, has the highest
magnitude, yellow expresses the fact that t5 is the dominant term.

In contrast to the 1 : 1 resonance, where a single term, precisely €y, prevails over
a large region of the domain, we have a different balance between the three terms. In

particular, for many eccentricities and inclinations the magnitude of T, in Figure 1 left

resl:1

resi, » while for the 2 : 1 resonance

was greater than the magnitude of any other term of R
we do not have such a prominent term. Each of the terms ¢;, t5 or t3 dominates (in the
sense of Definition 2) in some specific region of the domain (e, 7). However, for the 2:1
resonance if one term dominates, it does not mean that its magnitude is much greater
than the magnitude of the other two terms. Indeed, there are large regions of the domain,
where tq, t5 and t3 are comparable in magnitude. In this respect the results for the 2:1
resonance are much different than in the case of the 1 : 1 resonance.

There is a special case where a fourth degree harmonic term dominates. This case

stems from the fact that all terms (except t3 and a Jy—term) are of order O(e) and
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therefore they are zero for e = 0; however, since t3 is zero for ¢ = 70.53°, a blue dot
in Figure 1 right, having the coordinates (e = 0,7 = 70.53°), indicates that the fourth
degree harmonic term is dominant.

However, this is a singular case and usually one of the terms ¢y, t5 or t3 dominates.
Excluding this singular case, it is important to point out that for small and moderate
eccentricities, t1, ty, t3 are dominant not just in the sense of the above definition, but at
least one of them has its magnitude much larger than the magnitude of any other term
of the expansion. For such eccentricities, all major features of the resonance patterns are

due to these three terms and any other harmonic plays a less relevant role.

Remark 3. We add an elementary remark about the determination of the equilibrium
points associated to the resonances and their stability. In the case of the 1:1 resonance,
with reference to (3.11) and (3.12), we write the equations of motion associated, e.g. to

the term gy, for the variables A\ and L as

2
i H . Og
A = ﬁ -0 + 6—L COS(Q)\ — 2)\22)

The equilibrium points are given by X = Xgg or A = Aoy + /2 (so that L = 0) for a
suitable L = Lo (so that A = 0). The stability is computed by looking at the eigenvalues
of the derivative of the vector field (3.15) at the equilibrium points. For A\ = Aoy we
obtain that the eigenvalues are purely imaginary and therefore the equilibrium is stable;
on the contrary, for X = X\yg + 7/2 we obtain real eigenvalues, thus leading to a linear
instability of the equilibrium position. A similar discussion holds for the other terms of
the 1:1 resonance as well as for the determination of the equilibria associated to other

resonances.

4. A MEASURE OF THE AMPLITUDE OF RESONANT ISLANDS

In this section we provide an elementary computation to estimate the amplitude aris-
ing around a given p : ¢ resonance. We stress that the formulae we shall derive can be
implemented without any computational effort and yet provide a very reliable estimate
of the size of the resonant islands. This analysis, complemented with that of the dom-
inant terms presented in Section 3, provides a fast description of the dynamics in the
neighborhood of a resonance.

Having denoted by R3¢, the secular part of the geopotential (see (3.9)), we consider

the Hamiltonian corresponding to the p : ¢ resonance (for some p, g coprime integers),
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where the non-resonant terms have been averaged out. We expand the resonant part in
Fourier series up to finite orders, say Ni, Ns, N3, and we denote by R(Ep ) the Fourier
coefficients of the resonant part. The resulting resonant Hamiltonian is thus given by

2
HEA (L, G, H,qM = ph,w, Q) =~ + Rite (L. G, How)

N1 N2 Ns

+ 3N TS T RPOL, G H) es(hi(gM — pb) + kow + ks®) | (4.1)

k1=1ko=1 ks=1

where cs could be either cosine or sine. We recall that the p : ¢ resonance corresponds
to the relation gM — pé = (; taking into account that 6 =1 (in normalized units) and

denoting by L,.s the resonant value of the Delaunay action L, we have

P ME
q L3,

Tes

so that the resonant value L,., is obtained as

q 3
Lyes = (2—9 ,BE) . (4.2)

Using that a = L?/pug, we get that the resonant value of the semimajor axis is

2
res D E

Let us proceed to expand (4.1) around L,.s up to second order:

HPU(L, G, H, qM — pb,w, Q) = — i, +E(L_L )_%(L_L )2
res Y ) Y q p Y 9 - 2L%es L?es res 2L;4nes res
ZZith(Lrem G7 H, w) + RZZii(Lresa G, H, w) (L - Lres)
1 sec,
§Reartlf;L(Lresa G> Ha OJ) (L - Lres)2
N1 N2 N3
+ 3 3D RPN (Lyes, G H) es(ka(qM — ph) + kaw + ksQ) (4.3)

ki=1ko=1ks=1

sec,L sec,LL : ) : sec
where R, R_. ;" denote first and second derivatives with respect to L of R, . Set-

ting A = L — L,.s and neglecting constant terms as well as the term R*¢,, (L., G, H,w),

earth

we rewrite (4.3) retaining only the largest term in the resonant Hamiltonian:

HELmas (N G H o qM — pd,w, Q) = a — BA® + A es(k7 (qM — ph) + k5w + Ky Q)
(4.4)
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where we have introduced the quantities

2
o = Ly G Hw) = 2L 4 R (Lyes, G, How)

Tres

3:“’2E 1 sec,LL
B = ﬁ(Lms,G,H,W)_ __R y (LremGquw)

- 2L4 2 earth
A = A(Lyes, G, H) = max RP?(L,.,.G, H) (4.5)
ki,kaks

and k™" = (k7" k5 k) is the index at which the maximum defining A is reached.
Since the second term in 3 is much smaller than the first term, in practical computa-

tions we replace 8 with

_ 3up
=t (4.6)

Tes

Let us find the quantities B, C' such that
al — BA? = —(B+ CA)* + B?;

we immediately find

B=_——2 C=13.
N VB

Neglecting again constant terms, we write (4.4) as
HEL(A, G H gM = pb,w, Q) = —(B + CA)* + A es(k]" (gM — pb) + k3w + k5'*Q) .
(4.7)
Next, we define I' = B + C'A, so that (4.7) becomes
(var)?
2
Then, we obtain that the excursion in I', say AT, is equal to (compare with [19]) AT' =

V2A, which provides

HEA(T, G, H,gM — pb,w, ) = —

Tes

+ A es(k7" (gM — pf) + k3w + k5"*Q) .

2A
5
Going back to the Delaunay action L, we get AL = /2A/f3; taking into account that

a= L?/pug, we have

AN = é\/QA:

2oLz, 1

Aa (AL? + 2L, AL) .

a HE HE HE
Therefore, we obtain that the full amplitude of the p : ¢ resonant island, measured in

terms of the semimajor axis, is given by

5 2 24 24
2Aa=— (AL? +2L,es AL) = — (— 4 2L,s a
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with A, § asin (4.5), (4.6) and L,.s as in (4.2).

Figure 2 provides the amplitudes of the 1:1 and 2:1 resonances as the eccentricity varies
between 0 and 0.5, while the inclination ranges between 0° and 90° (we took w = 0 and
2 = 0). The color bar indicates the size of the amplitude in kilometers. All values are in
agreement with the amplitudes shown in the figures of the forthcoming Section 5, either
when the results are obtained through Hamiltonian or Cartesian formalism. The method
for computing the resonant amplitudes extends very well to other resonances of different
order, even if the size is small (see [4]). Notice that the peculiar behavior in Figure 2,
right panel, at about ¢« = 40° is due to the fact that such inclination corresponds to
the boundary of the regions where the terms ¢; and t; are dominant. The analytical

determination of this value will be given through equation (5.6) in Section 5.4.
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FiGURE 2. The amplitude of the resonances for different values of the
eccentricity and the inclination; the color bar provides the measure of the
amplitude in kilometers. Left: the 1:1 resonance; right: the 2:1 resonance.

5. CARTOGRAPHY

In this section we describe the results about the analysis of the 1:1 and 2:1 resonances
using the FLIs, whose definition is provided below in Section 5.1. Each region shows a

peculiar cartography, where the main zones of resonant, stable and chaotic motions are
highlighted.

5.1. Fast Lyapunov Indicator. The FLI can be defined as the largest Lyapunov char-
acteristic exponent at a fixed time, say ¢t = 7" ([10]). More precisely, let us consider the

n—dimensional differential system

x=f(x),
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where x € R™ and the n—dimensional vector function f : R — R"™ represents the vector
field. Let the corresponding variational equations be written as

= ()

where v is an n-dimensional vector.
Given the initial conditions x(0) € R", v(0) € R", the FLI at the time 7" > 0 is given
by
FLI(x(0),v(0),T) = sup log||v(t)|| -

0<t<T
In the following sections (Section 5.2 for the 1:1 resonance and Section 5.4 for the 2:1
resonance) we present results in the plane of coordinates or in the parameter plane,
providing the value of the FLI through a color scale, where darker colors will denote
a regular dynamics, either periodic or quasi—periodic, while lighter colors will denote
chaotic motions. We remark that in each plot the color scale may be different.

The results of Sections 5.2 and 5.4 will provide information on the regular or chaotic
character of the dynamics, on the dependence of the resonances on the parameters, on the
location of the equilibrium points. Our study will be mainly based on the Hamiltonian
formulation for the 1:1 and 2:1 resonances, but we will also provide results using the
Cartesian approach including, beside the geopotential, the effects of Sun, Moon and

solar radiation pressure.

5.2. Cartography of the 1:1 resonance. We compute a grid of 100 x 100 points of
the A —a plane, where the stroboscopic mean node A ranges in the interval [—220°, 1807,
while the semimajor axis a spans an area around the geostationary value corresponding
to a = 42164.1696 km. Figure 3 shows the FLI values for e = 0.005, 7 =0, w =0, Q2 =0
and different approximations from second to fourth order degree harmonics (we used
as integration algorithm a 4-th order Runge-Kutta method). We also add a panel in
the (e, a) plane, which provides the amplitude of the libration islands as the eccentricity
increases.

For the dynamical model based just on the perturbing harmonics J, and Joy (Figure 3,
upper left panel), pendulum like plots are obtained. The semimajor axis a and the
stroboscopic mean node A\ librate or circulate; the separatrix divides the phase-space in
regions corresponding to libration or circulation. Including higher order harmonics, up to
degree and order three and four, the pattern of the resonance slightly changes, revealing
the appearance of more complex orbits (see Figure 3, upper right and bottom left panels).

In particular, near the separatrix some additional curves are visible and, moreover, the
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Ficure 3. FLI (using Hamilton’s equations) for the GEO 1:1 resonance
for e = 0.005, i = 0°, w = 0°, Q = 0° under the effects of the Jy and Jos
terms (top left); all harmonics up to degree and order n = m = 3 (top
right); all harmonics up to n = m = 4 (bottom left). The bottom right
panel yields the FLI for ¢ = 0°, A = 75.07° in the (e, a) plane under the
effects of all harmonics up to n = m = 4.

libration zones lose their symmetry. These complex orbits are not a consequence of the
resonance splitting, as in the case of the 2:1 resonance (see Section 5.4), but they are
rather due to the interaction between T; and T3. Since the argument of T is 2(A — Ags),
while the argument of T3 is A— 31, we get an intricate dynamical behavior clearly depicted
in Figure 3, upper right panel. The fourth degree harmonic terms play a negligible role
(compare with Figure 3, bottom left). The pattern shown on the first half of each plot
of Figure 3, that is for A € [—220°, —20°], could be viewed as a mirror reflection of the
one appearing in the other half. Since all figures obtained for the 1 : 1 resonance have
this feature, in the following we plot the FLI values just for A in the interval [—20°, 170°].
Increasing the eccentricity we have a decrease of the amplitude of the librational region
around the 1:1 resonance (Figure 3, bottom right panel). This effect is common to all
cases shown in the present subsection.

Figure 4 shows the FLI values in the spatial case (i = 30° or i = 60°) as a function
of X\ and a, or in the (e,a) plane. All these figures confirm that ¥; is dominant. As a

consequence, the stable point is located at about A = 75° and since ¥; is proportional to
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F1GURE 4. FLI (using Hamilton’s equations) for the GEO 1:1 resonance,
under the effects of all harmonics up to degree and order n = m = 4, for
e =0.005, w =0, Q =0 and 7 = 30° in the upper left panel, i = 60° in the
bottom left panel. The right panels provide FLI for A = 75.07°, + = 30°
(top right) and ¢ = 60° (bottom right) in the (a, ) plane.
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F1GUure 5. FLI (using Cartesian equations) for the GEO 1:1 resonance
for e = 0.005, ¢ = 30°, w = 0, 2 = 0, under all harmonics up to degree
and order three (left panel), all harmonics up to degree and order three +
Moon + Sun+ SRP with A/m = 0.1 (right panel).

(1+cosi)?(1—3¢?), as already remarked the amplitude of the resonance slightly decreases
when the inclination and/or the eccentricity increase.
It is worth mentioning that although T3 is dominant for inclinations close to ¢ = 60°

and large eccentricities, the dynamics is still leaded by the terms of order Jss. For such
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cases, the magnitude of T; + %, is larger than the magnitude of any combination of terms
having as argument \ + const, and as a consequence the equilibrium points are located
at the same points as for small eccentricities.

The results obtained by using the Hamiltonian formulation are validated by integrating
the Cartesian equations of motion as in Figure 5, computed for ¢« = 30°, w = 0, 2 = 0,
e = 0.005. We have used as starter a single step method (a Butcher numerical algorithm),
while a multistep predictor—corrector numerical method (Adams-Bashforth 12 steps and
Adams-Moulton 11 steps) performs most of the propagation. The Adams-Bashforth
(predictor) method gives an initial solution, while the Adams-Moulton (corrector) method
is successively used to generate better estimates of the solution. Being a convergent
process, provided the step size is small enough, the algorithm was iteratively applied till
the solution was obtained within a fixed tolerance. The integration step was set to h = 10
minutes, while the total time span was N = 15000 sidereal days (about 41 years). For
each orbit we used a fixed initial tangent vector, leaving the exploration of the effect of a
random choice of this vector to a future work. The left panel of Figure 5 is obtained by
considering all harmonics up to degree and order three, while in the right panel we add
the effect of Moon, Sun and SRP for an object with A/m = 0.1. The overall structure is
very similar to the integration of the Hamilton’s equations in Figure 4. Both approaches
predict the same dynamical behavior; precisely: the equilibrium points have the same
location, the long term behavior of the orbital elements are similar, in particular the
semimajor axis is nearly the same, some chaotic orbits are observed near the separatrix.

From the analysis provided in this subsection, we conclude that a dynamical model
based just on the perturbing harmonics J, and Jos yields the essential features of the
dynamics providing pendulum like plots, while the inclusion of higher order harmonics
in the model provokes a small interaction between all harmonics (tesseral, sectorial and
zonal), revealed by the appearance of additional structures near the separatrix and by
the lack of symmetry of the librational zones.

For small and moderate inclinations and eccentricities, the effects of Sun, Moon and
solar radiation pressure with a small A/m parameter (Figure 5, right panel) do not change

significantly the pattern of the resonance, a fact pointed out also in [2] and [25].

5.3. Location of the equilibrium points for the 1:1 resonance. In the above sub-
section an analysis of the 1:1 resonance was presented for various eccentricities and incli-

nations. In all computations, we considered the initial conditions w = 0 and 2 = 0. In
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Ficure 6. FLI (using Hamilton’s equations) for the GEO 1:1 resonance,
under the effects of all harmonics up to degree and order n = m = 4, for
i =0, w=20% Q=0:e=0.005 (left); e = 0.5 (right).

this section we analyze the influence of non—zero initial angles w and €2 on the location
of the equilibrium points.

Since all resonant arguments in RZ¢;1 may be written in the form mA + jw — nA,,,
where m, n € N and j € Z, a non—zero initial {2 does not influence the location of the
equilibrium points. Moreover, since ¥; is dominant in almost all regions of the phase
space, with its magnitude much greater than the size of any other term, and since its res-
onant argument (see (3.11)) does not depend on w, the location of the equilibrium points
is not affected by the argument of perigee for almost all inclinations and eccentricities.

Figure 6, obtained for w = 20°, Q2 =0, i = 0, e = 0.005 (left panel) and e = 0.5 (right
panel) provides evidence for the above claims. In particular, it is clear that the location
of the equilibrium points is not affected by w.

We immediately recognize that using A\ = M — 0 + w + Q in place of M, then 2
becomes a cyclic variable. Moreover, in the case of GEO, for a model based just on the
perturbations due to J> and to 7y, then w is also a cyclic variable.

Notice that also in the case of the 2:1 resonance, for the model based on the perturbing
terms due to Jy and to the term t3 defined in (3.13), then w is a cyclic variable.

For the models based on J, and another term, one can easily perform an adapted
change of canonical variables in such a way that w becomes cyclic. This is the reason
for having that €2 has no influence on the location of the equilibrium points and that the
location of the equilibrium points depends on w, provided that there are two or three

terms in the Hamiltonian which are comparable in magnitude.

5.4. Cartography of the 2:1 resonance. In this section we consider the 2:1 resonance

and we perform an analysis similar to that provided for the 1:1 resonance in Section 5.2.
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F1Gure 7. FLI for the toy—model (5.1), fore = 0.1, 7 = 20°, w = 0, 2 = 0,
under various effects: Jy + 1 (top left); Jo +t5 (top right); Jo 4 t5 (bottom
left); Jy + t1 + to + t3 (bottom right).
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FIGURE 8. Left: FLI (using Cartesian equations) for the MEO 2:1 reso-
nance for i = 20°, e = 0.1, w = 0, Q = 0, under the effects of harmonics
up to degree and order 3, Sun, Moon and solar radiation pressure with
A/m = 0.1. Right: FLI for the toy-model (5.1), for e = 0.1, i = 63.4°,
w =0, Q = 0 under the effects of Jy + t; + to + t3.

For the 2 : 1 resonance a phenomenon of superposition of harmonics takes place. To
explain this phenomenon and to point out its effects, let us consider the following toy
model described by the Hamiltonian

My = Q’”ZEQ bR, bttty (5.1)
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where we approximate R, by

~cee o~ HERES (3 9 1) 2\—3/2
=——"(-sin“t—=|)(1l—e )
earth a3 4 ( )

that is, we consider just the influence of the J; harmonic, and where %1, t5, t3 are defined
in (3.13). For simplicity, we consider these terms up to second order in eccentricity,

namely we take

MER2EJ22

t {Z(l—l—cosiy(—g) Cos(0+w—2)\22)}

a3
R%Jy (3 . 5 /3

t, — %{5 s1n22(§e) cos(o —w — 2)\22)}
R3.J55 (15

ts Lf?’z{g sini(1 — 2cosi — 3 cos? z)(l + 262) sin(o — 2)‘32)} ’
a

where o = 2\ with A as in (3.14).
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FIGURE 9. FLI (using Hamilton’s equations) for the MEO 2:1 resonance,
under the effects of all harmonics up to degree and order n = m = 4, for
i=30° w=0,Q2=0:e=0.005 (top left); e = 0.01 (top right); e = 0.1
(bottom left); e = 0.5 (bottom right).

It is worth mentioning that, for small and moderate eccentricities, this simple dynam-

ical model yields the essential features of the dynamics inside the 2:1 resonance. The

res2:1

Sec
other terms of R, and R.%%

have a secondary role.
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The canonical variables in the non—autonomous Hamiltonian (5.1) are the action—
angle Delaunay variables (L,G, H, M,w,)), which are related to the orbital elements
by the relations (3.1). An autonomous Hamiltonian ﬁmy can be obtained from H,,, by
introducing an artificial momentum © conjugated to 6. Precisely, assuming that 8 = ny,
we consider the Hamiltonian

ﬁtoy - Htoy + n€@ s

Let us consider the symplectic canonical transformation:

87—7,50?, @ _ _aﬁtoy

where 0 = =2, 50

(L,G,H,0,M,w,Q,0) — (L',G',H,0' 0,w,Q,0) ,
which is defined by
L'=L, G=G-L, H=H-2L, =0+2L, oc=M-20+w+2Q, (5.2)

while w, €, 6 are kept unaltered. In terms of the new variables, the autonomous Hamil-

tonian Ky, is given by
2

]Aétoy = — Q'ULE/% — 272,9[/ + n9®/ + Rz(e;th + tl + tg + tg ,

from which we get the non—-autonomous Hamiltonian

2 _
Kioy = —% — gL+ RS, bty 1y (5.3)

The new action—angle variables (L, G’ H',o,w,()) are related to the orbital elements
through the relations (3.1), (3.14), (5.2).

Let us underline one of the main effects induced by the .J, harmonic (see also [5]).
Setting ¢t = to = t3 = 0 in (5.3), it is easy to show (see for example [16]) that J,
provokes a secular regression of the orbital node and a precession of the perigee, that is

A~ ——n* Jy(————— ~ —n*Jy(——————
5" Jg(a(1_€2)) cosi , W on 2(CL(1—62)

where n* denotes the mean motion. Let us remark that for i = 63.4°, called the critical

12(2 - gsin2 . (54)

inclination, we have 2 — gsin%' = 0 and therefore w is constant, giving place to the
so—called frozen orbits ([5]).

If i # 63.4%, then w # 0 and each of the angles o, 0 +w, 0 — w appearing in each term
of (3.13) will have zero derivatives at different locations. Therefore, the gravitational
resonance splits into a triplet of resonances, the separation between them being of the
order of a few kilometers (precisely a value between 0-9 km, the exact value depending
on the inclination and the eccentricity).

In Figure 7, obtained for the initial conditions e = 0.1, i = 20°, w = 0, Q = 0,

we represent the FLI values for the toy-models taking into account as perturbations:
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Jo +t1 (top left), Jo + to (top right), Jo + t3 (bottom left), respectively. Each toy—model
yields a pendulum like plot. In particular, for J, + ¢; the stable point is located at
0 = 29 — 180° ~ —30° and a = 26565.8 km. For .J, 4 t5 the stable point is located at
0 = 2)Xy >~ 150°% and a = 26559.9 km, therefore there is a shift of about 6 km in semimajor
axis, if we compare it with the plot obtained for the previous toy—model (Figure 7, top
left). In the case of J; + t3 the stable point is located at 0 = 2A35 — 90° ~ 55° and
a = 26 562.8 km.

A different behavior is found for the model taking into account all perturbing terms,
that is Jy + t1 + to + t3 (Figure 7, bottom right); all harmonics interact, leading to a
complex dynamics with a complicated interplay of regular and chaotic motions.

Figure 8 left is obtained by integrating the Cartesian equations and taking into account
all harmonics up to degree and order 3, Sun, Moon and solar radiation pressure with
A/m = 0.1; the plot confirms what was anticipated and described by the above toy—
model, namely a complex dynamics due to a strong effect provoked by the interaction of
all harmonics.

Roughly speaking, as long as the magnitude of one of the terms t;, 5 or t3 is much
greater than the magnitude of the other two, then a pendulum-like pattern is obtained.
On the contrary, when two (or all three) terms ¢y, t5, t3 are comparable in magnitude and
i # 63.4°, then all harmonics superpose, leading to chaotic motions as in Figure 8 (left
panel). There exists an exception, which corresponds to the critical inclination ¢ = 63.4°
(see Figure 8, right). In this case, w is constant and o, 0 + w, 0 — w will have zero
derivatives at the same location, precisely at about a = 26 560 km.

Figure 9 is obtained including all harmonics up to degree and order 4; the different
panels illustrate graphically the phenomenon of superposition of harmonics, for various
eccentricities and for ¢ = 30° (similar results are obtained for other inclinations).

Since t; and ¢y are proportional to the eccentricity, ¢3 is proportional to sini(1—2 cosi—
3cos®i) and t, is proportional to sin®i, each term will dominate in a specific region of
the phase space (see Figure 1 right). As a consequence, the location of resonant island’s
centers as well as the widths of the resonances depend on the values of the eccentricity
and of the inclination. For example, in Figure 9 (top left and top right), since 3 is
dominant for small eccentricities, the center of the resonant island is at about o = 55°
and the amplitude of the resonance increases (and then decreases) with the growth of

the inclination. An interesting phenomenon occurs for ¢ = 70.53°, since the function

f:10%,90°] — R, f(i) = —sini(1 — 2cosi — 3cos®i), (5.5)
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changes its sign at 70.53°. Thus, for ¢ < 70.53° the stable point is located at about
o = 55% and the unstable one at about o = 235°, while for ¢ > 70.53° the situation is
opposite: the hyperbolic point is located at ¢ = 55° and the stable one at o = 235°
(compare with Figure 10). Therefore, at i = 70.53° we have a transcritical bifurcation
point, since a small change in inclination causes the stability of the equilibrium points to
change. This critical point is clearly marked as a cusp in the shape displayed in Figure 1
right (compare also with Figure 2 right).

For higher but moderate eccentricities, let us say e = 0.1, t3 is still dominant for
i € [25%,45°), but the magnitudes of all three terms ¢;, t9, t3 are comparable. Due to
resonance splitting, each component of the triplet gives rise to a resonance at a specific
exact location. Usually, these resonances have amplitude greater than the distance which
separates them, so that a superposition phenomenon takes place, leading to complex
dynamics with both regular and chaotic behaviors (compare with Figure 9, bottom left).

If the value of the eccentricity is larger, then ¢; is dominant for ¢ < i and t5 is dominant
for i > g, where ig € (0°, 90°) is the solution of the equation

e € 3 3 27 4

3 . 2 . 2 .
1(1+cosz) (=——) 5 8in z(§e+1—66 )=0. (5.6)

For e = 0.5, the value of iy is about 39°. This is the reason for having the centers of the
islands located somewhere between o = —50° and o = 0° in the plots obtained for i < 39°

(see bottom right in Figure 9). Clearly, for e = 0.5 and non-zero inclinations, many other

res2:1
earth

Figure 10 (top panels) plots the FLI values as a function of inclination and semimajor

terms in R grow in magnitude, their interaction leading to chaotic motions.

axis in order to evaluate the width of the resonance for each value of the inclination and
to give a hint on the dynamics inside the resonance. For small eccentricities, let us say
e = 0.005, t3 is dominant and its magnitude is much greater than the magnitude of the
other terms. Therefore, we vary o as 0 = 55 in Figure 10 top left, and o = 235 in the top
right panel. These plots give an estimate of the amplitude of the resonance as a function of
the inclination. For a specific inclination, the amplitude can be determined by measuring
the distance between the two points on the separatrix obtained as the intersection of the
vertical line corresponding to that specific inclination and the structure visible on the
plot. Due to the above described bifurcation phenomenon, Figure 10 top left panel should
be used for i € [0°,70.53°), while Figure 10 top right panel for i > 70.53°. In fact, the way
in which the amplitude of the resonance varies with the inclination is described by the
function f, defined by (5.5). The function f increases on the interval ¢ € [0°,34.42°] and
then it decreases. At i = 70.53°, f changes its sign, so that on the interval [70.53°,90°] the
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FIGURE 10. FLI (using Hamilton’s equations) for the MEO 2:1 resonance
under the effects of all harmonics up to degree and order n = m = 4. Upper
left and right panels: FLI in (i,a) for w = 0, 2 = 0: e = 0.005, 0 = 55°
(left); e = 0.005, o = 235° (right). Middle and bottom panels provide the
FLI for w = 0, Q = 0, 0 = —30° in the left panels and ¢ = 150° in the
right panels. The middle panels provide the FLI for e = 0.1 in (i, a), while
the bottom panels are for i = 50° in (e, a).

function — f increases. It is striking to compare the behavior of the function f with the
pattern followed in Figure 10 top panels by the amplitude of the resonance. Precisely, the
amplitude increases in the interval [0°,34.42°], it decreases in the interval [34.42°,70.53°],
and then it increases again in the interval [70.53°,90°]. Analyzing carefully Figure 10
top panels, we notice that the structure of the left plot is not horizontal, but rather
slightly inclined. That is, increasing the inclination, the location of the equilibrium

points is shifted in semimajor axis. The J, harmonic is responsible for this behavior,
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which provokes the secular regression of the orbital node and the precession of perigee.
The exact location of the resonance is given by ¢ = M — 20 + & + 20 = 0. In view of

o 2
(5.4), one can write d(w;rim) = 3n*J, <%> (—=5cosi + 2)sini < 0, for i € (0°,66.4°).

Therefore & + 2§} decreases with the inclination within (0°,66.4°) and, as a consequence,

the equilibrium points are shifted in semimajor axis, as far as the inclination increases.
Figure 10 (middle panels) is obtained for e = 0.1 and shows that the roles played by
t; and ty enhance the complexity of the problem. Finally, Figure 10 (bottom panels)
provides the FLI values in the plane (e,a). These plots give an estimate of the width
of the resonance for each value of the eccentricity; we may conclude that for small e the

motion is regular, while for moderate and large e the plots show very complex behaviors.

5.5. Location of the equilibrium points for the 2:1 resonance. Asin in Section 5.3
we infer that {2 does not influence the location of the equilibria. In contrast to the 1: 1
resonance, w plays an important role for moderate and high eccentricities. For the 2 : 1
resonance there are three leading terms, ¢y, to, t3, with comparable magnitude in most
of the phase space. Since their resonant arguments are o £ w — 2y and o — 239, the
location of the equilibria and the pattern of the resonances are strongly affected by w.
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FIGURE 11. FLI for the toy—model (5.1), for e = 0.1, i = 20°, w = —85°,
Q2 = 0, under various effects: Jy + t; (top left); Jy + to (top right); Jo + t3
(bottom left); Jy + t1 + t + t3 (bottom right).
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Here, we present just a discussion based on the toy-models which take into account
as perturbation: Jy + ty, Jo + to, Jo + t3 and Jo + t1 + to + t3, respectively. As already
remarked, the first three toy—models yield pendulum-like plots (compare with Figure 7).
For J,+t; the stable point is located at 0 = 29 — 180° —w ~ —30° —w and a = 26565.8
km. For J; + t5 the stable point is located at 0 = 2Xy9 + w =~ 150° + w and a = 26559.9
km. In the case of Jy + t3 the stable point is located at 0 = 233 — 90° ~ 55° and
a = 26562.8 km. For the model including all perturbing terms, that is Jo+t; +t5 413, all
harmonics interact, leading to a complex dynamics, strongly depending on w. Figures 7
and 11 are obtained in the same conditions except for the initial value of w which is 0° in
the first case and —85? in Figure 11. It is evident that Figures 7 and 11 (bottom right)
are not identical, indicating a strong dependence on w, when the magnitudes of ¢, o,
t3 are comparable. In conclusion, as long as the magnitude of one term is much greater
than the size of any other term of RI¢%1 then pendulum-like plots are obtained and the
stable points are shifted according to the value of w. In the case when all three terms are

taken into account, we have a complex dynamics, strongly depending on the value of w.

6. APPENDIX: ON THE DERIVATION OF THE CARTESIAN EQUATIONS OF MOTION

We denote by 6 the sidereal time and let r be the radius vector of the debris with coor-
dinates (z,y, z) and (X,Y, Z) in the quasi-inertial and in the synodic frames introduced
in Section 2: r = ze; + yey + zes = Xf; + Y, + Zf;. Denoting by R3(6) the rotation

matrix of angle § around the third axis, the relation between the coordinates is

T X
z 7

The equations of motion (2.1) are provided by the sum of the contributions of the Earth’s
gravitational influence, including the oblateness effect, the solar attraction, the lunar
attraction and the solar radiation pressure. Let us denote by Vy and V; the gradients

in the synodic and quasi-inertial frames:

0 0 0 0 0 0
VF:a—Xfl_l_a—Yfé_‘_a—ng’ VI:%el‘l—a—yeg‘l—&eg.

The equations (2.1) can be written in the form

r = G Rg(—e) VF/ p(rp) dVE +Gm$ V[( L + ! '1'5)

Ve [T — 1) r—rs| [rsf?
1 : A 1
+ Gmu v,( T rM) O SNt R vl( ) . (6.2)
vt —ry|  Jral? m Ir — rg|
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In the synodic frame we can write (X,Y,Z) = (rcos¢cos A, rcos ¢ sin A, rsin ¢), where
(7, A, @) are spherical coordinates with the longitude 0 < A\ < 27 and the latitude —F <
¢ < 5. Following [1] and [8], Cyg = C1; = Si1 = 0 and the values of Cy; are Sy are
very small (see Table 1), so that in the Cartesian equations we neglect the contribution
of these harmonics. With these remarks we find the following explicit expansion of the
Earth’s gravity potential up n = m = 3:

Virg ) =~ M

[1 + (iE> [2 (3sin® ¢ — 1)Cy + 3 cos® ¢ (C’m cos(2A) + Sao SiIl(Q)\))]
+ (iE> [2 sin ¢(5sin? ¢ — 3)Csg + § cos ¢(5sin? ¢ — 1)(Csy cos A + Sy sin \)

+15sin ¢(1 — sin? ) (ng cos(2\) + 532 sin(2)\)) + 15 cos QS(ng cos(3\) + Ss3 sin(3)\))H .

If A < B < C denote the Earth’s principal moments of inertia, we can write Cyy =
(A+ B —2C)/(2MgR%) and Coy = (B — A)/(4MgRZ%). The Earth’s gravity potential

in the synodic frame becomes

vz = Ol O (R’ o (2 ) i X0 0 Y
S () ey, (T =3) 5 (1) (e s
+15— (032M 5322XY>+15(033w+533w>].

From this expression and (6.1), we compute the first term of the right hand side of (6.2).
This easily leads to the Cartesian equations of motion in the quasi-inertial frame. In

(2.2) we give the equations with harmonics up to degree and order two.
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