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ABSTRACT

Lethal untrackable debris objects pose the highest risk to the sustainability of the space environment, and
thus, shall be included in the assessment of the long-term effect of mitigation and remediation measures to
the space debris problem. The introduction of centimetre-sized particles in the debris evolutionary models
represents a challenge from a computational cost point of view. To answer this need, this work proposes a novel
probabilistic debris environment propagator. The method classifies the objects population into intact objects
and fragmentation debris. The evolution of the former population is retrieved through an individual definition
of each object’s mission profile. A continuum approach is adopted for the characterisation of the fragments,
whose density distribution in orbital elements is propagated in time through the continuity equation. The
intrinsic computational efficiency of the density-based fragments cloud models is leveraged to make the method
agnostic to the lowest fragments size considered. A second classification of the population of intact objects
into species, such as payloads, rocket bodies, mission related objects and constellations, ensures a faithful
replication of their orbit evolution. Fragmentation debris caused by intact objects explosion and accidental
fragments-intact object collision are included in a probabilistic fashion at the detected fragmentation epoch,
to account for their feedback effect onto the environment. The model is applied to estimate the evolution of
the space debris population in low-Earth orbit up to 200 years from the reference epoch, with and without the
inclusion of a future launch traffic pattern, and considering a different fulfilment of the post-mission disposal

phase.

1. Introduction

Space activity is dramatically increasing and, as such, our exploita-
tion of the space environment. Our society’s growing reliance on space
services on the one hand boosts the technological growth of the space
sector, but on the other it is contributing to the overpopulation of
some orbital regions around the Earth. Over the last ten years, the
miniaturisation of space assets has played a fundamental role in this
process, massively decreasing launch costs and, thus, enhancing the
privatisation of the space sector. As a result, the number of satellites
launched into space every year has increased from a few tens in 2011
to nearly two thousand in 2021, with communication satellites of large
constellations dominating the market. Despite the sharp increase in the
launch rate over the past decade, only a small fraction of the in-orbit
objects population is operational [1]. At an altitude above 600 km,
in the absence of a relevant sink mechanism, these inactive objects
accumulate in time, causing a notable risk to the active spacecraft
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operations. Several studies highlighted how the untrackable debris frag-
ments pose the highest risk, because of their intrinsic transparency to
collision avoidance measures [2]. In-orbit observations, telemetry anal-
yses and ground experiments have demonstrated how sub-centimetre
particles, leveraging the high relative velocity, may seriously dam-
age the impacted spacecraft part, or, potentially, lead to its complete
destruction [3-6]. Therefore, excluding such small fragments, when
establishing guidelines to address the space debris problem, results in
an underestimation of the actual threat [7].

Several environment models have been developed over the years,
with the aim of predicting the long-term evolution of the debris popu-
lation and assessing the potential beneficial effect of remediation and
mitigation measures to the space debris problem. Most of them fall
in the category of the semi-deterministic approaches, as the DAM-
AGE (United Kingdom Space Agency) [8], DELTA (European Space
Agency) [9,10], LEGEND (National Aeronautics and Space Administra-
tion) [11], LUCA (German Aerospace Centre) [12], MEDEE (National
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Centre for Space Studies) [13], NEODEEM (Kyushu University and
JAXA) [14], and SDM (Italian National Research Council) [15] soft-
ware. These models describe the population of orbiting objects with a
set of representative samples, whose orbit is propagated in time under
the effect of any arbitrarily complex dynamics. As a result, the methods
guarantee flexibility to the modelling of the debris environment in
any orbital region. However, the bottleneck of the semi-deterministic
models is the computational cost associated to the orbit propagation of
clouds of fragments. In particular, when scaling down to the centimetre-
millimetre range, to include the so-called lethal untrackable debris
objects, the number of fragments grows exponentially. Furthermore,
the ejected debris population becomes very diverse in both orbital
parameters and physical properties, meaning that a large set of repre-
sentative samples needs to be considered in order for the propagated set
to accurately represent the dynamical evolution of the fragments cloud.
This makes the use of semi-deterministic methods for the modelling of
small fragmentation debris computationally challenging.

Alternatively, the so-called Particle-In-a-Box (PIB) models were de-
veloped [16-19]. They consider a discretisation of either the physical
space or a suitable phase space into shells/volumes and derive dif-
ferential equations describing the dynamics of the number of objects
of different species, according to sink (e.g., atmospheric drag, active
debris removal, post-mission disposal) and source (e.g., collisions and
explosions) terms. Abandoning an individual characterisation of the
orbiting objects, the PIB models ensure a dramatic gain from a com-
putational cost point of view. Such advantage comes at the cost of
a less accurate definition of the satellites mission profile, as well as
of a simplified orbital dynamics. Nevertheless, given their efficiency
compared to semi-deterministic models, they are extremely useful for
a preliminary assessment of the effect of remediation and mitigation
strategies on the space debris environment.

This work presents a novel long-term probabilistic debris envi-
ronment propagator. The tool proposes a classification of the objects
population into intact objects and fragments, and predict the evolution
of the space environment up to two centuries from the reference epoch
under the effect of sources, i.e., intact objects explosion and accidental
fragments-intact objects collision, and sinks, i.e., atmospheric drag,
mitigation and remediation measures. The intact objects population is
further divided into payloads, rocket bodies, mission related objects
and constellations, with each constellation treated as a separate species.
This division guarantees an individual definition of the mission profile,
in terms of lifetime, Post-Mission Disposal (PMD) rate, duration, and
strategy, and allows to investigate the dependency of each species’
environmental impact on such control parameters. A continuum ap-
proach is adopted for the characterisation of the fragmentation debris,
either they belong to the background population or are generated by
simulated fragmentation events. Their density distribution in orbital
elements, which in the current implementation of the tool is considered
as randomised in longitude of the node, argument of perigee, and mean
anomaly, is propagated in time through the integration of the continu-
ity equation. Several applications of the continuum formulation to the
modelling of fragmentation clouds under different orbital regimes can
be found in literature [20-24]. In [25,26], the density-based models
were also extended to the propagation of the background fragments
distribution in Low-Earth Orbit (LEO). The main novelty of this work
is the inclusion of the continuum formulation within an elaborated
debris environment propagator, with the objective of leveraging its
computational efficiency. As the density-based models guarantee a
computational cost which is just slightly dependent on to the lowest
fragments size considered, their use allows for the potential extension
of the debris evolutionary models to any objects dimension.

The paper is organised as follows:

- Section 2 presents the debris environment propagator flowchart,
focusing on the logic with which the different model’s building
blocks are linked.
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Section 3 describes the sources from which the orbital data and
physical properties of the background population are retrieved. It
also explains the considered launch traffic model.

Section 4 provides details on each model’s building block.
Section 5 presents the predictions obtained on the long-term
evolution of the space environment, result of different simulation
scenarios.

Section 6 draws the conclusions of the work.

2. Model workflow

This section is devoted to explain the general structure and logic of
the proposed long-term debris evolutionary model. Firstly, the method-
ology adopted for the division of the orbiting objects into different
species, depending on their properties and control capabilities, is pre-
sented. Such classification aims at making the model flexible to the
analysis of the space environmental effect of individual objects cate-
gories, as well as to the assessment of the influence of mission design
parameters on the debris environment. Secondly, the debris propagator
workflow is discussed. In particular, it is explained how estimates on
the collision and explosion probability of orbiting objects are translated
into newly generated fragments, and the way these fragmentation
debris are inserted into the model as a feedback effect.

2.1. Objects classification and characterisation

The objects population is firstly divided into intact objects and
fragmentation debris. This choice derives from the reasonable assump-
tion that only intact objects may fragment into smaller pieces, and
thus be a source of new fragments. It is considered that fragmentation
debris do not carry any potential source of explosion, and, because
of their small cross-sectional area, are not very likely to collide with
each other. Furthermore, as for the vast majority of them the size is
in the centimetre range [27], a potential fragmentation would result
into a small net release of fragments into space. This classification is
also dictated by the different philosophy adopted for describing their
orbital evolution. With the objective of developing a model which is
agnostic to the lowest objects dimension considered, a density-based
description of the fragments dynamics is employed. Through the classi-
cal analogy with fluid dynamics, the fragmentation debris are no longer
treated as single pieces, but as a fluid, whose shape and density are
continuously modelled by orbital perturbations [24]. On the contrary,
the orbital evolution of intact objects is individually retrieved, based
on their mission profile. A detailed description of the intact objects’
and fragmentation debris’ orbit propagation is given in Section 4.1.
It is finally worth mentioning that the proposed model only accounts
for fragments-intact objects collisions. This choice is driven by the
fact that only one collision between two satellites has occurred since
the beginning of space exploration [1]. The introduction of such very
unlikely events into a probabilistic debris evolutionary model requires
further analysis and, most likely, dedicated modelling assumptions.
Therefore, this part is left as a future development of the method.

The intact objects are further classified into payloads, rocket bodies,
mission related objects, and constellations, with each constellation, for
which at least one satellite has been launched into space, being a
separate species. This division allows for an individual definition of
the mission profile, in terms of lifetime, collision avoidance capability,
post-mission disposal rate, duration, and strategy. The susceptibility
to explosion of each category is also independently set. Note that
the proposed approach makes the model flexible to the assessment of
the individual contribution of each single species to the space debris
problem.
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Fig. 1. Long-term debris evolutionary model flowchart. In the figure, t : (#),7,,...,7,) is the vector of times, a is semi-major axis, e is eccentricity, i is inclination, A/M is
area-to-mass ratio, A, is cross-sectional area, M is mass, ., is the time spent in orbit by an object since launch, P, and P, are collision and explosion probabilities.

2.2. Flow logic

Fig. 1 shows the flow chart of the proposed long-term debris evolu-
tionary model. Note that this section aims at explaining the propagator
workflow, while details on each of the building blocks are provided in
Section 4.

As it can be observed, the model takes the following inputs:

The background fragments population at the reference epoch,
specified in terms of orbital parameters and area-to-mass ratio.
The intact objects population at the same epoch. Orbital param-
eters, cross-sectional area, mass, launch epoch and species are
provided for each object.

The future launch traffic pattern. Same data as for the back-
ground intact objects population must be specified for each to-
be-launched object.

A vector of discretised times ¢, from the reference epoch to the
epoch up to which the debris evolution is monitored.

The model propagates the input populations for the time range consid-
ered, providing as output the objects coordinates at the epochs specified
in t. Subsequently, it iterates over the times ¢, in t, according to the
following steps:

1. Estimate collision and explosion probability. The explosion
and collision risk models (Sections 4.2 and 4.3) are adopted to
determine the probability of breakup for each of the in-orbit
intact objects at time r;. The estimated risk is obtained based
on their species properties, orbital and physical parameters, and
time-in-orbit since launch ¢,,,.

. Fragmentation decision block. This block decides whether to
translate a value of explosion and collision probability, which
is a number ranging from zero to one, into a fragmentation
event. The decision is taken independently for each object, by
comparing its collision, P,, and explosion, P,, probability with
a randomly sampled number r from the uniform distribution
U'(0,1). If either P. > r or P, > r, the object fragmentation is
simulated. This approach has the advantage of potentially taking
into consideration any debris environment evolution scenario,
even if very unlikely. The main drawback is that, in order for the
results to acquire statistical validity, a sufficiently high number
of simulations has to be performed, and the different outcomes
averaged.

. Trigger objects breakup. Given as input the coordinates of
the objects which successfully passed through the fragmentation
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decision block, the associated fragments density distributions are
computed, according to fragmentations and objects type.

. Propagate fragmentation debris cloud. This block computes
the evolution of the fragments density distribution under the
effect of the considered orbital dynamics, from time 7, to the final
epoch considered, for each fragmented object.

. Compute total fragments distribution. The newly generated
fragments clouds are added to the background fragments dis-
tribution. The resulting population becomes the background
fragments distribution for the next iteration.

At each iteration t,,, the past fragments density distribution in ¢; is
stored.

3. Objects population and launch traffic model

The input background fragments and intact objects populations at
the reference epoch 7, used within this work are retrieved from the
DISCOS Database (Database and Information System Characterising
Objects in Space) [28,29], maintained by the European Space Agency
(ESA). Among other information, it provides orbital data, launch epoch
and physical properties for the majority of the in-orbit tracked objects
at the query epoch. In case of missing data for an object, the following
steps are followed:

- If either semi-major axis or inclination are not available, the
object is discarded.

If eccentricity is not available, the orbit is assumed to be circular.
If information on the physical properties, i.e., either mass or cross-
sectional area, is missing, a different approach is employed for
intact objects and fragments. For intact objects, the missing data
are filled according to one of the following equations:

A, =AM M if A, n/a
A, .
M= —= if M n/a
T (€]
A, M=4"1" ifA,Mn/a

—(s) —(s) ——(s) .
where A, Y M, and A/M ” are the average cross-sectional

area, mass and area-to-mass ratio of the species to which the
intact object belongs. Instead, fragments with missing cross-
sectional area or mass are assumed to be aluminium spheroids,
allowing to establish a correlation between the two physical
properties. As a result, if none of the two is available, the object
is discarded.
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The proposed long-term debris evolutionary model allows also
to include a future launch traffic pattern. Following the approach
proposed in [1,10], for the simulations presented in this work, new
launches repeat the 2017-2021 traffic pattern, excluding constellation
launches. The non-constellation objects released throughout the simula-
tion are included in the intact objects population file together with the
background population, with the launch epoch specified in the future
(i.e., after the reference epoch), according to the established traffic
pattern. This approach guarantees flexibility to the potential inclusion
of any launch traffic model within the debris environment propagator
workflow.

A different strategy is followed for the constellation objects. Con-
sidered that a reliable prediction on the long-term deployment of new
constellations is not available, future launches are only limited to the
replenishment of the satellites of the already (partially-) deployed con-
stellations. In other words, when a satellite is injected in the disposal
orbit, at the end of the operational phase, a new one is assumed
to be instantaneously released in the constellation operational orbit.
The only exception is for partially deployed constellations, for which
new launches are envisioned until full deployment is achieved. The
deployment rate for each partially-deployed constellation is set based
on the average launch rate the constellation had up to the reference
epoch 1.

4. Model building blocks

This section provides a detailed description of the building blocks
of the long-term debris evolutionary model presented in Section 2.
The objects orbit propagation is firstly addressed, showing the dif-
ferent methodology adopted for intact objects, background fragments
population, and the newly generated fragmentation debris clouds. Sec-
ondly, the explosion and collision probability models are presented.
Finally, the model used to translate the objects breakup into a density
distribution in Keplerian elements is described.

4.1. Objects orbital propagator

As already mentioned in Section 2, the division between intact
objects and fragments allows for a separate description of their orbital
evolution. An individual propagation is carried out for each intact
object, such that its mission profile can be accurately replicated. On
the contrary, a density-based approach is employed to describe the
fragments dynamics. Note that two different continuity equation-based
models are adopted for the background fragments population and the
fragmentation debris clouds. The two methods are both able to convert
a Partial Differential Equation (PDE) into a set of Ordinary Differen-
tial Equations (ODEs). The first adopts the Method Of Characteristics
(MOC) [30], which allows to obtain the evolution of the fragments
density along some characteristic curves. The interested reader can
refer to Appendix B for details on the concept of characteristic curves
and on the integration of a general first-order PDE through MOC.
Instead, the dynamical evolution of fragmentation debris clouds is
retrieved through a Finite Volume Method (FVM) [31]. The synergistic
adoption of the two models aims to reduce the computational cost
associated with the objects’ propagation, as well as to maximise the
accuracy. The MOC best works in the description of the orbital evo-
lution of a widespread objects’ population, like the initial one, as the
computational cost is not directly correlated to the dimension of the
domain occupied by the modelled fragments. Indeed, samples repre-
sentative of the population are taken in the region where fragments
are found, and their orbit and density are propagated. The compet-
itiveness of the FVM exponentially increases with the compactness
of the debris’ population under study, which makes it particularly
suited for the propagation of single fragmentation clouds. The second
approach introduces a different perspective to the problem. Making the
analogy with fluid dynamics, the MOC falls into the category of the
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Lagrangian specification of the flow field, where the observer follows
a fluid parcel as it moves through space and time. Instead, the FVM
adopts an Eulerian approach, where the observer is fixed in a particular
position through which the fluid flows as time passes. If the former
method has been widely adopted for the continuum modelling of space
debris [20,22,23], a unique application of the Eulerian approach can
be found in literature with the work by Letizia [32], who numerically
integrated the continuity equation through finite differences.

Despite a different philosophy followed for the time propagation of
the three objects populations, the same dynamics equations are still
considered. Since the objective of this study is the prediction of the
long-term evolution of the debris environment in low-Earth orbit, it
is reasonable to limit the orbital disturbances to the sole effect of
atmospheric drag as a first approximation [25]. The Earth’s oblateness
is the only perturbation comparable to drag in magnitude; however, it
acts on a shorter time scale compared to the adopted time discretisation
within the long-term debris propagator, which is set to one year within
this work’s applications. Therefore, the fragments clouds are always
assumed to be uniformly spread in a band around the Earth. Instead,
solar radiation pressure and luni-solar perturbations have a limited
effect below 2000 km, and thus are currently neglected. Future works
will be devoted to extending the tool to include a more accurate orbital
dynamics.

The effect of atmospheric drag is modelled through the superim-
posed King-Hele approximation proposed in [33]. The atmospheric
density is described as a sum of time-dependent exponential functions,
as follows.

p p
Pt k)= Y py(t.h) = Y (e M

p=1 p=1

(2)

with n, number of partial atmospheres. The partial reference densities,
s and scale heights, H,, are obtained from fits to the Jacchia-77
model [34], at any considered time epoch ¢, according to the local
value of the exospheric temperature 7, which is strictly related to
the solar radio flux at 10.7 cm, F,y; [33]. This latter is modelled as
a time-varying sinusoidal function, whose amplitude and frequency
are tuned according to the value and epoch of the solar radio flux
extrema. In Fig. 2 a comparison between the superimposed exponential
(red continuous line), p;, the classical piece-wise exponential (red
dashed line), p,,, and the Jacchia (blue line), p;, density profiles for
an exospheric temperature of 1000 K is shown. As it can be observed,
the superimposed exponential density model provides a considerable
improvement in the accuracy. Furthermore, it allows to eliminate the
discontinuities in the profile caused by the abrupt change in the scale
height value of the piece-wise exponential model. It is worth highlight-
ing that a smoother density profile turns out to be extremely beneficial
in the numerical integration of the orbital dynamics under the effect
of atmospheric drag, as it significantly reduces the number of function
evaluations and, consequently, the computational time.

The secular variation of semi-major axis and eccentricity is derived
as a sum of King-Hele’s expressions [35], for each of the partial atmo-
sphere p,,. The resulting dynamics equations can be found in [33], and
are reported in Appendix A for convenience.

4.1.1. Intact objects

The intact objects population provided as input contains informa-
tion on the object’s launch epoch and activity status. Combined to
simulation settings on each species lifetime, post-mission disposal rate,
duration and strategy, this allows to accurately describe the orbital
evolution of each individual object, according to the scheme reported
in Fig. 3.

It is worth noting that, for the simulations presented in this work,
the model discerns between active and inactive objects only based on
their associated species lifetime and time spent in orbit since launch
t,,p- This choice is driven by the fact that information on the actual
activity status is missing for a considerable part of the input population.
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Fig. 2. Atmospheric density as function of altitude - Comparison among superimposed
exponential (red continuous line), piece-wise exponential (red dashed line) and Jacchia
(blue line) models. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

However, if accurate data were provided as input, the model would
already be flexible to include this additional feature.

The decision block for the post-mission disposal phase is based on
the same logic adopted for the fragmentation decision block. However,
in this case the random number extracted from the uniform distribution
U°(0,1) is compared against the PMD rate of the associated species.
The implemented tool let the user select either circular or eccentric
disposal option for each species separately. To this purpose, the King-
Hele atmospheric drag theory [35] is adopted for the design of the
post-mission disposal phase. According to this theory, and under the
approximation of non-rotating atmosphere and exponentially decaying
atmospheric density, the lifetime ¢; of a satellite with semi-major axis
a, eccentricity e, and area-to-mass ratio A/M is found to be [35]:

HT(a)n(a) : —
o 50,07 ifz=0
2
=2 —<¢ (1L, 2,2, THY 3
L ZB(a,e,é,pp)<1 et e+ o if0<z<3 3)

e 1+ 2 (1-5%7)]  if3<z<30
where H is the scale height, § = ¢, A/ M the inverse of the ballistic coef-
ficient, ¢, the drag coefficient, T the orbital period, p, the atmospheric
density at the orbit perigee, and z : ‘L—e The expressions of 5, B, and
B’ as function of the variables a, ¢ and A/M are not reported here
for brevity but can be found in [35]. Note that the expression of the
lifetime ¢; for z > 30 is not provided in Eq. (3) as associated to orbital
shapes not applicable within the LEO region. Eq. (3) is transformed to
be function of perigee r, and apogee r, radii, which allows the system
to be dependent on a single independent variable r,. Indeed:

- If circular PMD is selected, the apogee radius rﬁ'"d of the disposal
orbit coincides with its perigee radius ;"

- If eccentric PMD is selected, the apogee radius rZ'"d is set equal
to the perigee radius r,” of the object’s operational orbit.

This way, given the PMD duration, i.e., the desired object lifetime 7,
after the PMD manoeuvre, Eq. (3) can be solved for r, through a root
finding algorithm. Whenever an object is already compliant with the
imposed post-mission disposal duration with its operational orbit, no
manoeuvre is performed and the object is let to naturally evolve under
the effect of atmospheric drag. Fig. 4 depicts the necessary perigee
altitude, hﬁ'"d, to ensure atmospheric re-entry in less than 25 years as
function of operational perigee altitude, h)’, and area-to-mass ratio,
A/M, for both the circular and eccentric disposal options.
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The discontinuity in the surfaces of solutions identifies the boundary
in the ()", A/M) domain between objects for which a manoeuvre is
needed to ensure re-entry within the imposed PMD duration and those
which are already compliant with their operational orbit. The solution
for the circular disposal option is independent of the operational orbit
perigee altitude, as the disposal orbit shares no points with the opera-
tional one. On the contrary, the eccentric disposal orbit has the apogee
in correspondence of the perigee of the operational one, which induces
objects operating at higher altitude to be injected on more eccentric
orbits. It is worth stressing that determining the most convenient option
is not an easy task and the answer might not be unique for every
mission and object type, e.g., [9,12,13,15]. From the one hand the
circular option avoids crossing the highly populated region at 800 km.
However, the independence from the operational orbit causes a high
concentration of de-orbiting objects at the same altitude, which may
enhance the probability of breakup events.

4.1.2. Background fragments population

As mentioned in the introduction to this section, the distribution of
the background fragments population is propagated over time through
the numerical integration of the continuity equation with MOC [36].
The MOC discovers characteristic curves along which a PDE transforms
into a system of ODEs (see Appendix B). For the continuity equation,
the system of ODEs reads as:

{

where y are the phase space variables, n the fragments density, and F
the dynamics equations.

The fragments population at the reference epoch is interpolated
through binning in the domain of Keplerian elements and area-to-
mass ratio, and representative samples are extracted from the resulting
distribution. Their orbit and density are eventually propagated in time,
by integrating Eq. (4). In a previous work by the authors [24], the
MOC for the propagation of fragmentation clouds was extended to any
orbital regime. As mentioned, within this work it is limited to consider
the sole effect of atmospheric drag. Because of this approximation, the
propagated characteristics are interpolated through binning in a 3D
space of semi-major axis a, eccentricity e, and inclination i. Instead,
the fragments density is always assumed as randomised over right
ascension of the ascending node €2, argument of periapsis w, and mean
anomaly M. Note that the proposed approach is not new in space debris
modelling. For instance, a similar methodology was already pursued
in [37], where fragments were assigned to three-dimensional bins of
semi-major axis, eccentricity and ballistic coefficient, and their density
propagated.

_F

dr ()]
=-nV,-F

dn

dt

4.1.3. Fragmentation debris

For the propagation of the newly generated fragments clouds, a
FVM-based density propagator is preferred. The model, which was pre-
sented in a previous work by the authors [38], converts the continuity
equation into an ODE by analytically integrating it over a control
volume, in the 4D space (a,e,i, A/M). For each finite volume, the
integral form of the continuity equation takes the following form:

dn o l*J ; s
R XS R T P ®

y
where # is the density in the given volume, N, the number of variables,
and ¢(F” the fragments flux across the s surface. Defined as n the vector
of densities of all the considered volumes, the linear system of the ODEs
to be integrated reads as:

dn
5 = A(H)n

where the matrix A of time-dependent coefficients is always highly
sparse, as the density equation of each control volume only depends

©
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Fig. 4. Post-mission disposal perigee altitude as function of operational perigee altitude and area-to-mass ratio.

on the density of the adjacent bins. In [38] it was shown how, under
the assumption of steady atmosphere, the differential system can be
integrated analytically, either via eigenvalues/eigenvectors method or
through ad-hoc routines for the evaluation of the exponential of sparse
arrays. With the objective of finding a compromise between accuracy
and computational efficiency, the atmospheric density is here consid-
ered as a piece-wise constant function of time, i.e., the system of ODEs
of Eq. (6) becomes piece-wise autonomous. By adopting the exponential
matrix approach, the solution at a generic time ¢ is found to be:

N, ~
n(t) = [ exp [A <%> (- z,.)] n(ty) 7=min(t,7;,) )
i=0
with N, number of time intervals in the time range [¢,,7). To further
reduce the computational cost associated to each propagation, the
matrix exponential is approximated through the Pade algorithm [39].
Given a generic matrix M, it computes the matrix exponential from the
solution of the following linear system of equations:

D, (M) exp(M) = Ny (M) ®
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with:
P .
_ (p+q-Dp! | ;
Dpg(M) = Z:; @+ !(p— il
5 9
(p+q—1ilq! i
Ny =y PZIZ T i
o M) é(p+q)!(q—i)!i!

Because of the particular structure of the matrices at hand, the algo-
rithm proves very high accuracy even stopping both expansions at the
first order, i.e., setting p = ¢ = 1, which dramatically contributes to
improve the efficiency of the proposed cloud propagator.

4.2. Explosion probability model

The explosion probability for each intact object is defined on the
basis of historical data of past fragmentation events. To this purpose,
the Kaplan-Meier estimator [40] is used to determine the survival
functions for the object species considered in the simulation. This
estimator has been already adopted in space debris-related applications,
such as in the definition of a space debris index [41,42] or in studies
on active debris removal [43]. The survival function .S(¢) is computed
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as follows.

S = H

ittt

<1 _ ﬁ) 10)
n;

with 7; a time when at least one fragmentation event has occurred, d;

the number of explosions at time 7;, and n; the survived objects up

to time #;. From the survival function, the cumulative probability of

explosion P, after a time Ar since launch is:

P,(At) =1 - S5(41) (11

In order for the method to be accurate, the time window over which
observations are taken should be sufficiently large and comparable
to the simulation time scale. As the constellations have a relatively
short history, it is not reasonable to build statistics on their explosion
frequency. It is also worth noting that, since the vast majority of
constellation satellites are still active, no information is available for
the non-operational phase. Therefore, two options are viable: the first
assigns the same survival function to all payloads in the intact objects
population, whether or not they belong to a constellation. The second
considers constellation payloads immune from explosions. For the re-
sults presented in this paper, the second option is preferred. Mission
related objects are also assumed not capable of self-fragmenting, as they
do not usually carry any potential power source capable of triggering
the object breakup. Fig. 5 shows the survival rate as function of time
elapsed since launch for rocket bodies and payloads, obtained from the
history of in-orbit explosion events until 2023. The data are retrieved
from the DISCOS Database [28,29].

4.3. Collision probability model

The collision probability is modelled as a Poisson distribution [44].
Given the number of impacts # in a time range At, the probability of
having at least one impact is defined as:

P.(40) = 1 —exp[-n(41)] 12)

A fragments flux-based approach is adopted for the evaluation of the
number of impacts. The impact rate is retrieved as a discrete function
of time from the time-varying fragments density in Keplerian elements,
as presented in a previous work by the authors [45]. Defined as a the
subset of elements (a, e, i), B the subset (22, w, M), and n,, P the fragments
density, the impact rate 7 at a generic time 7 is found to be [45]:

4
ity = A, ///]R . w(oc)kz:‘1 Mg (a, ﬁ(k))urel(a, g rT(t)) da

13)
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where A, is the intact object cross-sectional area, y () is the inverse of
the Jacobian of the transformation from position vector r to f, whose
expression is given in [46], v, is the impact velocity, and r is the
position vector of the target object at time 7. The summation indicates
the four possible solutions of intersection between a fragment orbit and
the intact object, once « is fixed. Note that, as the fragments density is
here assumed as randomised over the angles §, the fragments density
can be taken outside of the summation as independent of . Thus,
Eq. (13) reduces to:

///R . W () ng () Upey (@, rp (1)) dax

with v, average impact velocity, given «. Note that, in Eq. (14), the
density n, g is replaced by the density n, in the subset of Keplerian
elements «, according to the following relation:

ne(a) = ///]R3 na’ﬂ(a) dpg = 8753naﬁ(a)

as, under the approximation of randomisation in B, each combina-
tion (2;,w;,M;) over the [0,27) range is equally probable. Under the
assumption of piece-wise constant fragments density n, and average

impact velocity v, Eq. (14) further simplifies as follows.

AC
i = 25 a4

(15)

Ac &
10 = s 20 T rr ) (16)
i=

where N, is the number of bins with non-null density value and whose
coordinates guarantee intersection with the intact object, and ¥ is the
integral of the function y(a) over the volume of the i bin, for which
the analytical solution exists, as shown in [45]. As the impact rate is
discretely evaluated over time, with a frequency much larger than the
frequency of revolution of the object around the Earth, it is reasonable
to compute an average impact rate over an entire intact object orbit
rather than for a unique position along it. Therefore, Eq. (16) is
eventually averaged over the object orbital period, as follows.

A,
< (i), (i)
273T Z g

i=1

T
= /0 o (rr() dt = AF a7)
with F average fragments flux against the target object cross-sectional
area over one period T. The fragments flux in 2022 as function of
semi-major axis and inclination, as predicted by the proposed impact
rate estimation model, according to Eq. (17), is depicted in Fig. 6.
As it can be observed, the highest fragments flux value is monitored
in correspondence of the highly populated region at 850-950 km
altitude, at an inclination of approximately 80 degrees. As explained
in [45], such inclination value guarantees the highest average relative
velocity with respect to the Sun-synchronous region, where most of the
fragments in LEO are found.

It is worth noticing that the average impact rate 7 is still a function
of time, as is the fragments density. However, the variation of this
latter in « is assumed to take place over a much larger time scale if
compared to the intact object orbital period. This is the reason why
nf,? is taken outside of the time integral in Eq. (17). For each time
interval At a single impact rate evaluation is currently implemented,
in correspondence of the middle point 7. As a result, the number of
impacts 5 over At is:

n(Ar) = i@ ar 18)

4.4. Objects breakup

The estimation of the fragments density distribution as consequence
of a fragmentation event is addressed in this section. The proposed
model, firstly presented in [47] and improved in [24], adopts a prob-
abilistic reformulation of the NASA Standard Breakup Model (SBM)
[48,49] to bound the domain reachable by the fragments ejected by
either an in-orbit collision or explosion. Such domain is primarily
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Fig. 6. Fragments (> 10 cm) flux in LEO in 2022 as function of semi-major axis and
inclination.

defined in logarithm to base 10 of area-to-mass ratio, y, and of ejection
velocity, v, according to the Cumulative Density Functions (CDFs) in
such variables, derived from the associated PDFs given in [49]. It is
then converted into a domain in the subset of independent Keplerian
elements a and area-to-mass ratio A/M, by assuming the ejection
velocity to be isotropically distributed in direction.

The resulting domain is eventually discretised in equally-sized
rectangular-shaped volumes, through an automatised computation of
the step-size in each variable, according to the average fragments
density gradient over the considered domain [24]. A unique average
density value is assigned to each volume, by numerically computing
the integral average of the PDF in the variables x := (&, A/ M), p,. This
latter is retrieved from the original PDF in (v, y), p,, " through change
of variables [50], as follows.

_Pvy (T;—]nx(a))

19
|detJ, 4| as

Px
where 7,_, identifies the transformation from velocity vector v to «,
and J,_,, is the Jacobian of the transformation, whose expression can
be found in [46].

5. Simulation results

This section presents the predictions obtained on the long-term
evolution of the space environment, result of different simulation sce-
narios. With the objective of making the results comparable with
existing predictions in literature, the proposed analyses are in line with
those performed with the ESA DELTA software in [1,10], with which
a validation and calibration work is on-going. The three performed
simulations refer to the 2022 objects population as initial one and
propagate the space environment over a 200-year period. The first
considers No-Further Launches (NFL) after 2022, while the other two
analyses introduce the repetitive launch traffic pattern presented in Sec-
tion 3. The effect of a different fulfilment of the post-mission disposal
phase is also investigated. PMD success rate and duration are initially
set in accordance to observed values, considering the performance for
objects with End-Of-Life (EOL) equal or later than 2015 [1]. The second
scenario, with launches after 2022 and observed PMD capabilities, is
referred to as Extrapolation, as it extrapolates on the current behaviour
in terms of both launch traffic and disposal rate. Instead, the third
analysis describes a very Optimistic scenario where EOL capabilities
are considerably improved with respect to current standards, to assess
the severity of the space debris problem even in the most conservative
case. The studied simulations scenarios are summarised in Table 1.
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Table 1
List of studied simulation scenarios.
NFL Extrapolation Optimistic
Launches No Yes Yes
PMD orbit Eccentric Eccentric Eccentric
PMD rate - P/L 0.40 0.40 0.99
PMD rate - C 0.90 0.90 0.99
PMD rate - R/B 0.55 0.55 0.99
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Fig. 7. Number of intact objects over time, total and per single species profiles - NFL.
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For all the proposed analyses, 50 runs are performed according to
the block diagram of Fig. 1, and the resulting estimates are eventually
averaged.

5.1. No-further launches simulation results

Despite being an unrealistic scenario, the NFL case allows to elim-
inate the intrinsic uncertainty component related to the future launch
traffic pattern [51], which is crucial when comparing different long-
term debris evolutionary models. The outcome of this scenario de-
scribes how the space environment would evolve if space activity
stopped, with the only exception of active satellites in 2022, which
would accomplish their planned mission profile. Therefore, it can give a
measure of the current status of the space environment, determining if
the combined effect of natural decay and controlled re-entry of orbiting
objects could still prevail on the fragments sources, i.e., collisions and
explosions.

Fig. 7 depicts the evolution over time of the number of in-orbit
intact objects of the 2022 reference population, obtained according
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to the scheme reported in Fig. 3, with the objects capable of per-
forming a disposal manoeuvre following the PMD strategy reported
in Table 1. As it can be observed, active constellation payloads are
characterised by a similar trend, with an initial growth for partially-
deployed constellations, a steady period when the objects are on either
the operational or the disposal orbit, and a sudden drop at the end of
the PMD phase. It is worth noticing that, as some of the constellations
orbit at an altitude which guarantees natural re-entry in less than the
prescribed 25 years (e.g., Starlink, SpaceBEE, Flock, Kepler, Astrocast),
the PMD phase is shortened for these payloads and all the objects re-
enter the atmosphere, despite the imposed PMD rate. On the contrary,
the uncontrolled orbiting objects, e.g., rocket bodies and MROs, are
characterised by a smooth decrease in number over time, induced by
the sole effect of atmospheric drag.

Fig. 8 illustrates the predicted evolution of the number of objects
larger than 10 cm over time. In order to identify the uncertainty domain
of the results, both the average (thick lines) and single run (thin lines)
profiles are shown. Instead, Figs. 9(a) and 9(b) depict the estimated cu-
mulative number of fragment-intact object catastrophic collisions and
explosions, respectively. The associated number of fragments injected
into orbit is also shown. As it can be observed, in the absence of future
launches, the model estimates a decrease in the total number of in-orbit
objects over the 200-year propagation time. This behaviour is mostly
induced by the sudden drop caused by the disposal of controlled objects
within the first 30 years, which overcomes the release of debris from
fragmentation events. Nevertheless, a constant increase of fragments
is monitored, meaning that collisions and explosions would already
prevail on atmospheric drag, even if space activity had stopped in 2022.
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By looking at Fig. 9, it can be inferred that rocket bodies are on average
the most likely to fragment due to a collision. Indeed, despite being
outnumbered by payloads and constellations, the absence of collision
avoidance capabilities makes them more susceptible to such events.
On the contrary, the greater number of payloads causes this species
to trigger significantly more explosions than rocket bodies, in spite of
a higher average reliability (Fig. 5).
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5.2. Repetitive launch traffic pattern simulation results

As detailed in Section 3, the implemented launch traffic model
foresees the repetition of 2017-2021 traffic pattern over the 200-
year propagation time for the objects not belonging to any of the
constellations [1,10]. Instead, a continuous replenishment of constel-
lation payloads is considered. The resulting evolution over time of the
number of in-orbit intact objects, for the two PMD strategies reported
in Table 1, are depicted in Figs. 10 and 11, respectively. As it can be
seen, constellation payloads are characterised by an oscillatory profile
dictated by the combined effect of the time-varying solar flux value,
the lifetime of the object (different for every constellation), and the im-
posed post-mission disposal duration. It can be further appreciated how
the 25 years PMD duration causes a greater accumulation of inactive
objects in orbit; indeed, it is worth remarking that the replenishment
takes place at the end of the operational phase. As a result, if the
number of active payloads keeps constant, the inactive ones accumulate
according to the PMD duration-lifetime ratio. The profiles of payloads
and rocket bodies oscillate with an 11-year period, more evident in
Fig. 10 because of the longer PMD phase, correspondent to one solar
cycle. It is worth observing that such behaviour was not present in
the NFL scenario of Fig. 7, even though it already considered the
dependency of atmospheric density on time. The difference is caused by
the fact that every 5 years the very same set of objects is here released
into orbit, meaning that atmospheric drag continuously acts on a very
similar satellites population but with varying magnitude, inducing the
oscillatory behaviour.

Figs. 12 and 14 depict the obtained evolution of the objects num-
ber over time for the Extrapolation and Optimistic scenarios, respec-
tively. Figs. 13 and 15 illustrate the associated cumulative number
of fragment-intact object catastrophic collisions and explosions, as
well as the amount of debris injected into orbit by such events. It
can be immediately inferred how the very stringent PMD strategy of
the Optimistic case dramatically decreases the predicted number of
orbiting fragments, which are halved after 200 years. Even greater is
the effect on the number of catastrophic collisions, reduced by a factor
three, which from the exponential behaviour highlighted in Fig. 13(a)
reduces to a linear increase in the Optimistic scenario of Fig. 15(a).
It is interesting to observe that constellations, from being the most
vulnerable objects species in the Extrapolation scenario from the point
of view of collision events (Fig. 13(a)), are the least likely to be impact
by a fragment in the case of equal and very stringent PMD rate for
all species (Fig. 15(a)). This result is justified by a considerably lower
number of in-orbit constellation derelict objects compared to rocket
bodies and payloads. Note also that a higher number of catastrophic
collisions for an object category does not necessarily translate into a
larger population of fragmentation debris released into orbit, which,
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according to the NASA SBM, strictly correlates to the objects mass [48].
Because of the significantly smaller average mass for constellation satel-
lites compared to individual payloads and rocket bodies, the number of
ejected fragments associated to this species is considerably lower.

The reduction of explosion events in the Optimistic scenario comes
as a direct consequence of an average lower number of in-orbit pay-
loads and rocket bodies, induced by a more reliable and faster de-
orbiting phase. It is worth observing that the number of rocket body
explosions is approximately six times lower than the payload ones,
which might seem in contrast with current trends in fragmentation
events [52]. However, this behaviour is fully justifiable by the consid-
ered modelling assumptions and the simulation settings of the Opti-
mistic scenario, which is far from picturing the current behaviour of
the space environment. The number of explosion events depends on
three main quantities. First, on the number of in-orbit objects of the
given species. As already commented, rocket bodies are significantly
outnumbered by payloads. Second, on the survival rate function of
the given species. Since this latter is retrieved from the whole history
of fragmentation events until 2023, the profile pictures the trend in
explosion rate since the beginning of space activity, which can differ
form the current behaviour. However, enough data are necessary to
build the statistics, which implies that accurate survival functions
cannot be obtained from last years’ fragmentation events only. Third,
on the average lifetime of an object belonging to the given species.
Note that, as there is no operational phase for rocket bodies, the
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ones launched throughout the simulation re-enter in a time shorter
or equal to the imposed post-mission disposal duration. This implies
that, in the Optimistic case, all launched rocket bodies stay in orbit
for maximum one year. As a result, the population of rocket bodies is
mostly constituted by the background population, which was already in
orbit before the reference epoch. From the plot of the survival function
of Fig. 5, it can be inferred that, after 12 years from launch, rocket body
explosions experience a plateau. This makes the probability of a rocket
body exploding very low in the Optimistic scenario. On the contrary,
as all launched payloads have an initial operational phase, they remain
in orbit during the years when, according to the survival function, they
are more likely to explode.

The profiles of the predicted number of in-orbit objects for the three
simulation scenarios of Table 1 are finally displayed together in Fig. 16,
to better highlight the relative behaviour.

6. Conclusion

Evidences prove that untrackable objects must be included in the
long-term simulation of the space debris environment. This poses a
challenge from a computational perspective, as the number of objects
grows exponentially as size decreases. To this aim, this paper proposed
a novel density-based long-term debris environment propagator. The
model divides the objects population into fragmentation debris and
intact objects. This classifications allows to treat the former not as
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single pieces but as a cloud, whose density function is propagated over
time through the numerical integration of the continuity equation, in
the domain of Keplerian elements and area-to-mass ratio. In particular,
two continuum formulations were proposed: the background fragments
population was propagated through the method of characteristics. A
finite volume method was instead preferred for the newly generated
fragments, because they evolve in the considered variables as a compact
cloud. A second classification into 15 species was considered for the
intact objects population, with the objective of characterising each
object category separately in terms of post-mission disposal strategy,
collision avoidance capability, and susceptibility to explosion. A sta-
tistical explosion probability model and a flux-based collision risk
estimator were adopted for the introduction of fragmentation events
within the propagator workflow, to account for their feedback effect.

Three 200-year simulation scenarios related to the 2022 initial
objects population were eventually proposed. The analyses were per-
formed both with and without future launches, and considering dif-
ferent post-mission disposal strategies. The results presented in this
paper were still limited to objects larger than 10 cm, with the objective
of making the tool comparable to other debris evolutionary models.
However, as the density-based fragments cloud models are intrinsically
agnostic to the lowest fragments size considered, future studies will
be dedicated to the extension of the long-term simulation of the space
debris environment to the modelling of the so-called lethal untrackable
debris objects.
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Appendix A. Super-imposed King-Hele atmospheric drag model

The variations of semi-major axis, a, and eccentricity, e, under the
effect of atmospheric drag read as [53]:

da _ _a2p6v3

dr ’ (A1)
de =2 U(l —ez)cosE

dr r
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where p is the atmospheric density, § = c¢pA/M is the inverse of
the ballistic coefficient, » and v are the orbital radius and velocity,
respectively, which can be expressed as function of semi-major axis a,
eccentricity e, and eccentric anomaly E, as follows [53].

r=a(l —ecos E) (A.2)
v=q[2E _H (A.3)
r a

with y planetary constant. By averaging the expressions in Eq. (A.1)
over a full orbital period T = 2x %, according to the formulation

in [35], the following expressions are found [33]:

e 27 3
%‘;:—%\/ﬁ/ p(h)(1+8COSE)T dE
0 (1—-ecosE)2 (A4)
5_ 1+ecosE 2
i \/7'/ p(h ) ecosE) cos E(1 —e?)dE

Plugging the super—imposed atmospheric density function of Eq. (2)
into Eq. (A.4), the original King-Hele contraction formulation [35] can
be extended to the super-imposed King-Hele model, according to the
following equations:

W@ GLda 5 & [ (1+ecosE)%
= = — =/ ——dE
dr — dt p 2r WZ/ g 3
=1 p=1 (1 —ecosE)2
J— Hy — n 1
de  ~ode 5 [n /2” <1+ec0sE)i 5
eyl __2 K _tecosz E(1 - ¢ dE
di - Sdip 2z \ a ; 0 P\ T ecose/) ° (1=

(A.5)

As it can be noted, each partial contraction reduces to the original
King-Hele formulation with the partial exponential atmosphere p,.
Therefore, the solutions of the integrals in Eq. (A.5), for different
eccentricity regimes, can be found in [35].

Appendix B. Method of characteristics

A brief recap of the method of characteristics is provided here,
following the outline given in [54]. Let us consider a general first-order
quasi-linear partial differential equation:

a(x, y, u)ﬂ + b(x, y, u)a—u =c(x,y,u) (B.1)
0x ady

If u := u(x,y) is a solution of Eq. (B.1), at every point (x,y,z) on the
surface S = {(x, y,u)}, the vector [a(x, y, u), b(x, y,u), c(x, y,u)] lies in the
tangent plane to the surface, i.e., the following condition holds:

1] o

To determine the surface S, one can construct curves C, parametrised
by s, such that at each point on the curve C the vector [a(x,y,u),

du Ou

[aCx, y,u), b(x, y, w), c(x, y,u)] - [a "oy (B.2)

b(x, y,u), c(x, y,u)] is tangent to the curve. The curve C = {(x(s), y(s),
z(s))} satisfies the following system of ODEs:

& = x99, 2)

3— = b(x(s), ¥(s), z(s)) (B.3)

j_ = c(x(s), y(s), 2(5))
)

The curves C are known as characteristic curves for Eq. (B.1). They are
found by integrating the system of ODEs of Eq. (B.3).
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