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ABSTRACT

A full understanding of the dynamics of objects in the
circumterrestrial environment is a fundamental step for
the accurate modelling of the space debris population.
Even more now, in a period of huge changes in the space
traffic, with the continued accumulation of artificial ob-
jects around our planet and the plans of exploitation of
new orbital regions. A short review of the main pertur-
bative effects which are most important for the dynamics
in different regions of the Earth orbit is given. Then the
focus is moved to a review of some results obtained in
the last years on the resonance effects in Earth orbit and
on how these resonances could be exploited as transport
mechanisms to remove spacecraft at the end-of-life. The
analogies with the dynamics of the small bodies in the
Solar System is shown to highlight the importance of the
cross-fertilization between these two close-by research
fields. Finally, some remarks are given on the collective
behavior of large ensembles of objects by studying the
dynamics of the cloud of fragments produced by in-orbit
fragmentations. In particular, the complex evolution of
the collision risk following a fragmentation of a satellite
within a multi-plane constellation is discussed.

Keywords: Orbital dynamics, Solar System dynamics,
Resonances, Fragmentations, Collective behaviors.

1. INTRODUCTION

In a period of huge changes in the space traffic and of
continued accumulation of artificial objects around our
planet, modeling the evolution of the debris environment
has become even more important than ever. A fundamen-
tal step for the proper modeling of the debris population
is the understanding of their dynamics in the Earth orbit
and beyond.

Evolutionary models focused on different populations
and different orbital regimes (e.g., LEO, MEO, GEO,...)
can rely on specific dynamical settings, tailored to the ac-
curate modeling of specific orbital perturbations, either
gravitational or non-gravitational. Given the size of the
simulated populations, the dynamical models must fol-
low a trade off between accuracy and required CPU time,

even if it is worth stressing that recent and future ad-
vances in computing power will help in this respect.

Specific examples and analogies with the dynamical evo-
lution of the small bodies in our Solar System can help
in understanding complex transport mechanisms within
orbital regimes, allowing a fruitful cross-fertilization be-
tween the studies on the artificial and natural bodies pop-
ulations.

Fragmentations, either explosion or collision-related,
played a paramount role in the composition of the cur-
rent debris environment. Despite the growing adoption
of explosion prevention measures and of collision avoid-
ance practices, the simulations show how fragmentations,
and in particular accidental collisions, will continue to be
a main source of debris in the future [29]. The outcome
of such events represents a peculiar situation where the
accurate modeling of the fragment clouds dynamical evo-
lution can help in reducing the subsequent collision risk
against other assets in nearby orbital regions.

It is worth stressing that the renewed interest in the ex-
ploration and exploitation of the Moon is quickly bring-
ing to our natural satellite similar problems faced by the
Earth orbital environment. The complex and chaotic dy-
namics in the cislunar space is the subject of many recent
studies and is a blossoming field of research. The com-
plete understanding of the dynamics in lunar orbits is of
paramount importance for the appropriate management
of the lunar orbit in view of its future massive exploita-
tion. As an example of the pressing problems to be faced
by the future lunar orbit traffic is the well known (in the
Earth orbit case) issue of the disposal of spacecraft at the
end-of-life, in the absence of an atmosphere and with the
strong instability of the lunar orbits. The identification
of viable disposal options requires a deep understanding
of the dynamics in the cislunar space. This wide sub-
ject, albeit extremely important for the future space activ-
ities, is not the focus of this short review. The interested
reader can refer to several contributions available also in
this same volume.

2. ORBITAL PERTURBATIONS

A plethora of excellent text books on orbital dynamics
exist (e.g., to name a few, [30], [8], [39], etc). It is not
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doable, nor is the scope of this short paper, to provide ex-
tensive details on the orbital motion in Earth orbit. We
just briefly mention the main effects that should be taken
into account when trying to model the evolution of popu-
lation of debris in the vicinity of our planet. In particular,
we are interested in pointing out the main perturbative
effects that are should be considered to have a realistic
picture of the evolution on timescales ranging from

Fig. 1 shows the order of magnitude of the main accel-
erations affecting the orbits of objects around the Earth.
Beyond the main effect, due to the monopole term of the
Earth gravity potential, several other perturbations tend
to alter the motion of an object with respect to a pure two
body orbit. The atmospheric drag is the most important
perturbation in LEO, since it subtracts energy from an
orbiting object causing its decay into the atmosphere. It
represents, therefore, the main sink process to be consid-
ered in the modeling. On the other hand, the atmosphere
density is decreasing exponentially with the altitude, so
that this perturbation is efficient only up to about 800 km
above the surface of the Earth. As visible from Fig. 1,
many other perturbations act on a satellite in LEO, but
none of them causes a secular change in the semimajor
axis.

Gravitational perturbations, due to the non-spherical
shape of the Earth are important mainly in changing the
angular arguments of the orbit (see Sec.4). The main ef-
fects of the geopotential perturbations are the secular re-
gression of the orbital node, Ω̇ and the precession of the
perigee argument (ω̇). Most of the effect is related to
J2, the quadrupole term of the gravity potential expan-
sion in terms of spherical harmonics ([16]), due to the
Earth oblateness.

With growing distance from the center of the Earth, dif-
ferent perturbations become important. While the main
effects are still due to the J2 term, the gravitational per-
turbations due to the differential attraction of Sun and
the Moon, become comparable. The lunisolar attrac-
tion induce long-term and sometimes secular variations
in the eccentricity, inclination, argument of the node and
of perigee. As a matter of fact, lunisolar perturbation,
coupled with air drag, may play a role in speeding the
orbital decay of certain classes of highly eccentric orbits,
by lowering the perigee height ([11]).

At higher altitudes, another non-gravitational perturba-
tion starts to play a rôle: the solar radiation pressure
(SRP) (e.g., [18]). For objects with area to mass ratios in
the range 0.01 to 0.1, typical of orbiting spacecraft, its ef-
fect is mainly a long periodic (i.e. approximately yearly)
change of the orbital eccentricity and of the argument of
perigee. For larger area to mass ratios, e.g. spacecraft
with where large antennas or panels, it can lead to even
higher accelerations w.r.t. those depicted in Fig. 1. More
complex effects, leading to long term perturbations on
the semimajor axis, inclination and node, can be caused
by the effect of the radiation pressure on the spacecraft
antenna ([18]). Even more pronounced effects are visible
in the dynamics of the so-called “high are-to-mass ratio”
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Figure 1. Order of magnitude of different perturbations
affecting the orbit of an Earth satellite. The area over
mass ratio assumed for the calculation of the air drag and
solar radiation pressure accelerations is A/M = 0.01
m2 kg−1. The air drag acceleration is computed con-
sidering a simple exponential model for the atmospheric
density. The vertical lines mark the altitude of 2000 km
above the Earth surface, the altitude of the GPS orbit and
the Geostationary radius.

(A/M ) objects identified in telescopic observation in the
early 2000’s ([34], [33]). For these very peculiar objects,
with A/M in excess of 10 m2/kg, the SRP induces a very
long term, or even secular, increase of e and i leading
them from their original GEO orbit to high eccentric and
inclined ones, keeping their mean motion (i.e., orbital en-
ergy) n ≈ 1 ([17], [38]). Whereas not particularly impor-
tant in terms of their environmental effects in a big mod-
eling effort of the whole debris population, the dynamics
of these peculiar objects reminds us of the importance of
a full understanding of the effects of a given perturba-
tion whenever the “usual” assumptions are not valid any
more.

Looking at Fig. 1 it can be noticed how in the GEO re-
gion, at more than six Earth radii, the balance of the ac-
celerations acting on a spacecraft change considerably
and the third body effects become comparable to those
due the Earth oblateness. Together they cause a preces-
sional motion of the orbital plane, inducing the oscillation
with a period of ≈ 53 years around the stable Laplace
plane at i ≈ 7.2◦ (e.g., [4], [12], [21]), that reflects in
the known wave-like distribution of the equatorial incli-
nations of the abandoned GEO objects [35].

In reality the picture of the perturbations acting on an
Earth satellite is more complex than what is depicted in
Fig. 1. As an example, different kinds of resonances be-
tween the motion of the orbiting object, the rotation of
the Earth and the motion of the perturbing bodies can
produce long term and even secular perturbations exceed-
ing those due to the simple action of a given perturbation
alone (e.g., [16], [13], [6]). This is the subject of the next
Section.



3. RESONANCES

From a dynamical point of view, the most well-known
resonances in Earth orbit are the so-called mean motion
resonances (MMR). From an analytical point of view,
these resonances can be studied by means of the Kaula’s
theory of satellite motion ([16], [13]). In MMRs, the
exact condition for commensurability is that the satellite
performs β nodal periods while the Earth rotates α times
relative to the precessing satellite orbit plane, where α
and β are mutually prime integers. In the case of GEO
we have α = β = 1, while for MEO GNSS-like or-
bits, whose orbital period equals about half a sidereal day,
α = 1 and β = 2. After this interval the path of the satel-
lite relative to the Earth repeats exactly leading to the res-
onance. The approximate condition is that the mean mo-
tion of the satellite is β/α times the angular velocity of
the Earth. Note that while the deep resonances are not
always met in the satellite orbits, shallow resonances still
yields substantial perturbations and are common features.

Geostationary satellites are resonant with the coefficients
of the Earth’s gravity field with low degree and even val-
ues of the difference between the order ℓ and the de-
gree m of the coefficients (ℓ − m), in particular the J22
term related to the ellipticity of the Earth’s equator [16].
This resonance causes the satellite’s longitude to librate
with a very long period (of the order of 1000 days) about
two stable equilibrium positions, located at the longitude
of 75◦ East and 245.5◦ East (two unstable equilibrium
points are located at 161.8◦ and 348.5◦ E). The 2:1 res-
onance causes long period changes in the orbital eccen-
tricity of MEO satellites and, for example, can modify the
configuration of the navigation constellations.

A more complex resonance, resulting from the third body
and the geopotential perturbations, is the cause of a very
long term-term (nearly secular) perturbation of the ec-
centricity of the navigation satellites orbits, representing
a serious hazard for the long term disposal of the spent
satellites and upper stages in the region ([6], [27]). This
luni-solar resonance appears when the secular motions of
the lines of apsides and nodes become commensurable
with the mean motion of the Sun and the Moon ([14]).

As mentioned above, the resonances can destabilize a dy-
namical system. As such, they can be seen as a nuisance
for the type of ordered motion required in a satellite sys-
tem, such as a constellation. On the other hand, orbital
resonances can also be exploited as a mean to transport
objects within a system.

This consideration stems from the analogy with the dy-
namics of our Solar System (SS). As it is well known
(e.g., [5] and references therein) the mean motion and
secular resonances (where orbital frequencies are com-
mensurate with the solar system’s natural frequencies)
are sculpting the geography of the main asteroid belt
(MB) and are responsible for the transport of some of
the smallest objects from the MB to the inner SS where
they become Near Earth Asteroids (NEA). Asteroid frag-
ments, generated by collisions in the MB are directly in-

Figure 2. Orbital distribution of main belt asteroids
(green), Intermediate Mars Crossers (blue) and NEOs
(white, red and magenta) (Image from: A. Morbidelli et
al., Understanding the distribution of NEAs).

jected or slowly moved via Yarkovsky thermal drag [10]
into both MMR with the planets and secular resonances.
The main resonances responsible for the transport of the
NEAs are the 3 :1 MMR with Jupiter (white vertical line
in the top panel of Fig. 2) and the ν6 secular resonance,
defined by the relation g ∼ g6, where g is the rate of pre-
cession of the longitude of pericenter of an asteroid and
g6 is the sixth eigenfrequency of the solar system plan-
ets (approximately the rate of precession of Saturn’s lon-
gitude of pericenter) (curved white line in the top panel
of Fig. 2). Other minor contributions come from the 5:2
MMR resonance with Jupiter. The eccentricities (and in-
clinations) of the asteroids are modified by the resonant
perturbations and/or by planetary encounters until they
reach the NEA region, in the inner SS. Last, but not least,
it has to be noted that the web of resonances, and their
overlapping, is responsible for the onset of the well know
chaotic behavior in the motion of the asteroidal popula-
tion [7], [19].

An analogous web of resonances, involving Earth gravity
potential, third body and SRP perturbations, along with
overlaps and chaotic regions, can be identified in the cir-
cumterrestrial region. A long stream of papers was de-



voted, in recent years, to the characterization of this com-
plex web of resonances and the interested reader is invited
to see those papers (see e.g., [9], [22], [1], [2], [3], [22],
[32], [36], [23] and references therein). Here we will only
recall a few of the main results of those researches. One
of the purpose of the above listed studies was to identify,
again in analogy with the SS, transport routes to speed up
the de-orbiting of the spacecraft at the end of life. This
aim could be achieved by moving, whenever possible,
the spacecraft within a nearby resonance region where
its eccentricity will be pumped up leading it toward an
accelerated reentry into the atmosphere. In this respect,
a paramount rôle can be played by resonances including
the SRP. For these reason, the use of small solar sails, to
be deployed at the end-of-life, can by hypothesized to in-
crease the A/M augmenting the effectiveness of the SRP
effect. For this purpose a thorough theoretical analysis
and an extensive numerical investigation were performed.

The eccentricity variations occur mainly in correspon-
dence of the resonances defined by the following relation:

ψ̇ = αΩ̇± βω̇ ± γns ≃ 0 (1)

where ns is the apparent mean motion of the Sun with
respect to the ecliptic plane. α, β, γ = 0,±1,±2 de-
pending on the perturbation. From Eq. 1, Tab. 1 lists the
main resonances found in the LEO environment.

These resonances cause an increase in the orbital eccen-
tricity and, as such, can be viewed as “de-orbiting cor-
ridors”. An object placed in one of these “corridors”
can get its eccentricity increased secularly until it reaches
the atmosphere, at perigee, leading to a reduced lifetime
(see, [28] for details). The perturbative effect can be ex-
plained by computing the equilibrium points and the sta-
bility of the dynamical system associated with solar ra-
diation pressure and Earth’s oblateness. The natural de-
orbiting can occur in two situations, either by following
the hyperbolic invariant curves stemming from a saddle
equilibrium point or by following a wide enough libra-
tion curve in the neighborhood of an elliptic equilibrium
point. The initial condition for the de-orbiting corridors
can be computed as a resonant condition involving the
rate of precession of Ω, ω and the apparent mean motion
of the Sun with respect to the ecliptic plane (ns). Figure 4
shows the location of the main MEO and LEO resonances
for enhanced A/M ∼ 1 m2 kg−1, following the classifi-
cation of Tab. 1. Following the idea of the resonant de-
orbiting corridors, Fig. 4 shows again the location of the
resonances in the inclination-semimajor axis space super-
imposed on a color map showing the residual lifetime, as
a function of the initial inclination and semi-major axis,
computed in 120 years for an object with A/m = 1 m2

kg−1, starting from e = 0.001, Ω = 0◦ and ω = 0◦.
The red dots show the location of the spacecraft accord-
ing to the spacecraft in the catalogue at the time of the
simulation.

By means of dedicated long term simulations of the
whole debris population, performed with a dedicated
branch of the SDM model [26], it has been shown how the
de-orbiting corridors could be very effective in removing

Argument ψj α β γ Index j

Ω+ ω − λS 1 -1 1 1
Ω− ω − λS 1 -1 -1 2
ω − λS 0 1 -1 3
ω + λS 0 1 1 4
Ω+ ω + λS 1 1 1 5
Ω− ω + λS 1 -1 1 6
Ω+ 2ω − 2λS 1 2 -2 7
2Ω + 2ω − 2λS 2 2 -2 8
ω 0 1 0 9
Ω+ 2ω 1 2 0 10
2Ω + 2ω 2 2 0 11

Table 1. List of the main resonances expected to be
found in LEO: argument ψj , values of the coefficients
α, β, γ and corresponding index j. Resonances from
j = 1 to j = 6 are due to the SRP; resonances 7 and 8
are singly averaged Solar gravitational resonances; res-
onances from 9 to 11 are doubly averaged lunisolar res-
onances (see [32])

the objects from the high LEO region at the end-of-life,
thus contributing to the stabilization of the space debris
environment, in particular for high-altitude spacecraft.

Furthering the analogy with the SS dynamics, it is inter-
esting to note that resonances similar to those identified
above for the Earth orbits, are also deemed responsible
for the chaotic dynamics in the “inert Oort cloud” (IOC),
defined as the transition region between the outer Kuiper
belt and the Oort cloud, where planetary perturbations
and galactic tides share the same order of magnitude. The
IOC spans between ≈ 500 and 1600 au, or more pre-
cisely, a region where the semi-major axis is smaller than
1600 au and the perihelion distance is larger than 45 au,
but the semi-major axis should be larger than 500 au if the
perihelion distance is smaller than 80 au. [31]. The zone
is scarcely populated and a few bodies have been discov-
ered within this region: (90377) Sedna, 2012 VP113 and
2015 TG387 (see [31] and references therein).

It turns out that the problem is formally close to the case
of a satellite perturbed by the J2 flattening of the Earth
and the averaged attraction from the Sun. The Hamil-
tonian for the averaged quadrupolar effect of inner bod-
ies has the same form as a J2 flattening of the central
body (see e.g. [37]). On the other hand, the galactic
tides act similarly to the third body perturbations (and/or
SRP) in the satellite case. As such, the system possesses a
tilted Laplace plane (the “galactic Laplace plane”), with a
crossover located at about 1000 au. For semi-major axes
much smaller than this value (∼ 500 au), circular orbits
precess about the ecliptic pole, whereas for semi-major
axes much larger than this value (∼ 1500 au) they precess
about the galactic pole. In between, they precess about an
intermediately tilted pole [31]. Moreover, it can be shown
that in the IOC the precession velocities of Ω and ω with
respect to the ecliptic inclination I , follow the same rules
as for an Earth satellite. I.e., ω increases for I < 63◦ ,
decreases for 63◦ < I < 117◦, and increases again for



Figure 3. On the top, we show the location of the six main
SRP resonances (Tab. 1) as a function of i, a for e = 0.01.
On the bottom, a close-up in the LEO region, defined here
up to h = 3000 km, in order to account also for possible
graveyard orbits. The curves were computed assuming
Ω̇ = Ω̇J2 and ω̇ = ω̇J2. Green: Ω̇ + ω̇ − nS = 0.
Cyan: Ω̇ − ω̇ − nS = 0. Orange: ω̇ − nS = 0. Yellow:
ω̇+nS = 0. Blue: Ω̇+ω̇+nS = 0. Red: Ω̇−ω̇+nS = 0.
From: [2].

I > 117◦ , while Ω decreases for I < 90◦ and increases
for I > 90◦. Just as was shown in the Earth case, the pre-
cession angles are coupled in integer combination which,
through the galactic tide effect, vanish in correspondence
of specific resonances. Figure 5 shows a map of these
precession velocities with respect to the ecliptic inclina-
tion, as well as the places where their main integer com-
binations vanish. It is worth noting how the kω+jΩ com-
binations listed in the figure corresponds to those listed in
Tab. 1 for the Earth case, showing the power of the ana-
lytic theory developed for the analysis of these complex
resonance problems and the nice interchanges of knowl-
edge and competences linking spaceflight dynamics and
celestial mechanics.

Figure 4. Location of the resonances in the inclination-
semimajor axis space. The color bar shows the resid-
ual lifetime, in years, for an object, with an augmented
A/M ∼ 1 m2 kg−1, left in a circular orbit of the given
point of the phase space. The blue islands along the main
resonances, warranting a lower residual lifetime, can be
noticed. The population of spacecraft in the catalogue at
the time of the simulation is superimposed as red circles.

4. COLLECTIVE BEHAVIORS: IN-ORBIT
FRAGMENTATIONS

As mentioned in Sec. 1, fragmentations, represent the
main source of debris in the current debris environment.
The long term modeling is telling us that fragmentations,
and in particular accidental collisions, will continue to be
a main source of debris in the future (e.g., [29]). Many
studies devoted to the dynamics of the debris clouds pro-
duced by a fragmentation can be found in the literature.
The dynamics of a fragmentation cloud produces col-
lective behaviors (that can also be analyzed with differ-
ent techniques, akin to the fluid and statistical mechan-
ics) that have to be considered to understand and, pos-
sibly minimize, the consequences for the other orbiting
assets in the same region of space. In an extreme syn-
thesis, we can summarize the well known generation of
the cloud starting with an initial energetic ejection of the
fragments from the location of the parent object, usu-
ally modeled (e.g., in the NASA standard breakup model,
[15]) as isotropic. The ∆V imparted to the fragments
pushes them into orbits different from the original one (in
particular in terms of a and e) with different evolutionary
paths. This leads quickly to the creation of the toroidal
structure around the parent object’s orbit. The timescale
of this process can be easily estimated by considering the
synodical period, S, of the fragments w.r.t. the one of the
fragmented object:

1

S
=

1

k

 1

a
3/2

frag
− 1

a
3/2

parent

 (2)



Figure 5. Precession velocity of Ω and ω in the plan-
etary regime. The color represents the velocity scale
from negative values in blue to positive values in red,
with the same color scale for both angles. The loca-
tions where the integer combinations kω̇ + jΩ̇ vanish
(limited to ||k||, ||j|| < 3) are shown by horizontal lines.
The inclination values listed on the left correspond to the
constant angles combination written on the right.(Image
from: [31]).

where k = 2π√
GM

and afrag and aparent are the semima-
jor axis of the fragment and of the parent object, respec-
tively. Considering a cloud generated by typical space-
craft or rocket bodies fragmentations in highly inclined
(∼ 80◦) LEOs, at about 800 km of altitude, the 70th

percentile of the fragments’ S, can be considered a re-
liable estimation of the formation time of the torus. This
value ranges from ∼ 6 to ∼ 14 days (corresponding to
∼ 75 and ∼ 235 revolution of the parent object, respec-
tively). Note that the typical S periods for fragmentation
in Highly Elliptical Orbits (HEOs), such as the Molniya
ones, are ∼ 3 times longer in terms of days (while com-
parable if considered in units of the parent object orbital
period).

Further on in the evolution, the effect of the flattening
of the Earth (parametrized by the J2 coefficient in the

spherical harmonics expansion of the geopotential, e.g.,
[30]) spreads the nodes of the fragments’ orbits, lead-
ing to the creation of a shell of fragments around the al-
titude of the event (note that the J2 effect is also con-
tributing to the torus formation through the randomiza-
tion of the arguments of perigee). Again the timescale
for the formation of the shell can be estimated simply
by computing the synodical period of the nodal preces-
sion of the fragments w.r.t. the one of the fragmented
object: 1

SΩ
= 1

TΩfrag
− 1

TΩparent
, where TΩfrag and

TΩparent are the periods of the precessing node of the
fragment and of the parent object’s orbit, respectively.
It can be assumed that the shell formation is reasonably
completed once a given percentage (e.g., 70 %) of the
fragments have their node 180◦ apart from the precessing
parent object, i.e., after half the full synodic period of the
precession. The argument of perigee randomization can
be estimated with the same methodology. The timescale
of the Ω randomization, for a typical fragmentation in
highly inclined (∼ 80◦) LEOs, at about 800 km of al-
titude, is about 300÷350 days (corresponding to ∼ 5000
orbital periods of the parent object). The timescale for
a similar event in HEOs (specifically Molniya orbits) is
about 8 times longer due to the reduced J2 effect, owing
to the larger distance. The timescale for the ω randomiza-
tion in LEO is about half than the one for the argument
of the node. Of course, being related to the J2 effect,
the timescale of the Ω and ω randomization is strongly
dependent on the orbital inclination of the parent object
[30].

The proper evaluation of the timescales of the cloud evo-
lution is particularly important to asses the effects and
the risks posed by a fragmentation on other assets or-
biting in nearby regions of space. In particular, when a
fragmentation happens within a large ordered ensemble
of satellites, such a Walker-type constellation, the above
described cloud evolution can lead to interesting collec-
tive behaviors, that were analyzed first in [24], that could
enhance the impact risk. The architecture of a multi-
plane constellation can make a break-up event particu-
larly dangerous, owing to the above described spreading
of the resulting fragment swarms. This is particularly true
when differential precession of the orbits leads the frag-
ments to encounter satellites revolving around the Earth
in the opposite direction (Fig.6). This makes head-on col-
lisions possible, despite the almost equal equatorial incli-
nation of the fragments and the constellation satellites,
with higher impact speeds and greater collision proba-
bility. The coupled dynamics of the cloud and the con-
stellation planes and the corresponding flux of projectile
impinging against a spacecraft can be conveniently mod-
elled by applying Öpik’s [20] expression for the intrinsic
collision probability p per unit of time for a pair of or-
biting bodies. Öpik’s theory, once again mediated from
the studies on the SS dynamics, allows the computation
of the collision probability in such a complex configura-
tion by a simple analytical formula based on the orbital
elements of the target (on a circular orbit) and of any pro-



Figure 6. The orientation of the six orbital planes of
an Iridium—like constellation, as seen from the celestial
north pole. The revolution of the satellites is indicated by
the arrows. Note the “counter—rotating” planes 1 and
6. If a satellite orbiting in either of these planes is dis-
rupted, its fragments will pose an impact hazard higher
than average to the satellites in the other plane. (Picture
taken from: [24].

jectile crossing its orbit, as:

P =
U

2π2a1.5|Ux| sin I
(3)

where a is the semimajor axis of the projectile, I is the
relative inclination between the orbits of the projectile
and the target, and U and Ux are, respectively, the projec-
tile velocity relative to the target, in units of the target’s
geocentric velocity, and its component along the radial
direction. It turns out that the relative dynamics of the
constellation spacecraft in the precessing orbital planes
and of the dispersing cloud of fragments leads to “waves”
of increased particle flux (significantly higher than the
background one) against the different precessing orbital
planes, as time goes by, with different magnitude of the
effects and timescales according to the initial plane of the
fragmentation event (see [24], [25] for details).

Clearly nowadays, with the efficient collision avoidance
procedures in effect, most of the potential collisions
against trackable fragments could be avoided. Nonethe-
less, the number of Lethal Non Trackable particles pro-
duced by a fragmentation can be very high, still leading to
a transient period of increased risk after an event. There-
fore the proper understanding of the dynamics of a debris
cloud, its intrinsic timescales and its subsequent interac-
tion with the nearby orbiting assets remains of paramount
importance.
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