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Collision risk prediction for constellation design I
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Abstract

INDEMN is an object-oriented program dedicated to the modeling of the evolution of the densities of space objects.
Following the work achieved by D. Kessler (1978) and by other authors more recently (G. L. Somma, IAC 2016, A6-
IP3 ; A. Rossi, DPPS 2004, 197), the dynamical model is based on a source and sink approach for various altitudes.
The source terms represent the future launches, the explosion of intact spacecrafts, and the collision between objects.
Different collision cross sections are used for the various types of objects and the number of debris generated is
based on the NASA break-up model. The sink terms are the drag and the end-of-life de-orbitation for the satellites
launched after 2009, with a controllable success rate. The code was validated against former simulations performed
with statistical and semi-deterministic models. In addition to the classical object types featured in several statistical
codes, which are intact objects, explosion debris, and collision debris, a new type representing the satellites of a
specific constellation is included. These satellites orbit with altitudes close to 1 200 km and they can perform collision
avoidance maneuvers as long as they are fully operational. It is shown that, under realistic assumptions, if only
one primary collision occurs at an altitude of 800 km, the probability of a collision involving a constellation satellite
becomes larger than 2% by 2035, which highly jeopardizes the satellite constellation as a whole.

Keywords: LEO environment modeling, Source-sink debris model, Constellation management

1. Introduction

The Low Earth Orbit (LEO) economy is driven by
the growing market of global and real-time connectiv-
ity, and new space activities represent the major share
of the growth of the overall space sector today [1]. The
emerging needs are addressed by the deployment of large
constellations of small satellites, as announced by several
telecommunication companies. This involves new plat-
form designs that could also be used for Earth surveillance
and business intelligence applications. On the other hand,
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Cubesat technologies, that allow in-situ data collection,
for instance for science and climate change monitoring,
and Earth observation services, contribute significantly to
the increase of the number of LEO objects. Nevertheless,
they are not considered a major threat for the long-term
stability of the space environment due to their short or-
bital lifetime.

Multiple numerical studies have investigated the risk
caused by constellations both on the stability of the envi-
ronment, and the long-term profitability of large constel-
lations. In particular, some of them addressed the rele-
vance of the 25-year rule [2, 3]. The tools developed by
national and international agencies were primarily made
to assess how much a given satellite was in danger on a
given orbital path, and only recent improvements accu-
rately account for small satellite launches [4, 5, 6]. Due
to the large number of satellite constellations that have
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been unveiled in the last few years, knowing the effect of
the other satellites of the same constellation or the con-
sequences of the deployment of another constellation by
a competitor on the orbital environment becomes crucial.
Each satellite constellation of interest is treated as a spe-
cific population in the code. Constellation-level parame-
ters such as the reliability of the de-orbitation system, al-
titude spread, or de-orbitation time can be accounted for
in the model, and they can be varied to perform sensitivity
analysis. Finally, the number of LEO objects is several or-
ders of magnitude higher than above 2 000 km, with many
different intersecting trajectories, which makes a statisti-
cal description more relevant.

The INDEMN code was developed internally at Share
My Space in Paris and uses a statistical model that de-
rives the evolution of various populations at multiple alti-
tudes. The model was initially inspired by the work of G.-
L. Somma [7, 8, 9], improved by an object-oriented code
architecture (the reader can refer to Appendix B for some
details about the code architecture), that allows for an ar-
bitrary number of different object populations and a more
accurate description of the size distribution function of
each population. The code is essentially one-dimensional
(1D) and computes the time evolution of the object densi-
ties as a function of the altitude, for each population.

Section 2 provides a general overview of the model.
Section 3 shows how this approach can be used to manage
risk for a satellite constellation. Finally, some practical
analysis are presented in Section 4.

2. A statistical model for the LEO environment

2.1. Overview

INDEMN is an object-oriented Python 3.X code devel-
oped by Share My Space. It features a statistical model
deriving the evolution of various populations in various
altitude shells and it can be used both for scientific and in-
dustrial purposes. The model is based on source and sink
terms that include future launches, explosions, collisions,
drag, and de-orbitation policies and compliance. Many
populations can be implemented and their interactions are
computed at each time step. The collision frequency be-
tween two given populations depends on the local density
of each population, at a given time. After being initialized
using object databases for the larger objects (> 10 cm) and

Figure 1: Illustration of the main steps of the INDEMN code

statistical models for smaller ones (< 10 cm) according to
the NASA breakup model [10], the density of objects be-
longing to each population is computed dynamically with
its radial dependence. The overall operating principle of
INDEMN is illustrated in Fig. 1

The main part of the code consists in the computation
of the evolution of the density of various object popula-
tions depending on their altitude only. Choice was made
to limit the boundaries of the LEO environment from 200
to 2 000 km. Below 200 km, the lifetime of an object is
of a few days only and orbit propagation models are more
relevant. Above 2 000 km, the drag compensation model
does not apply anymore and the very low object density
limits the relevance of any statistical approach. The whole
model relies on the somewhat strong assumption that the
orbital plane angles follow a chaotic law on a long time
scale. Indeed, some objects are organized into specific
orbit planes such as sun-synchronous satellites or constel-
lations. However, once these objects are not under con-
trol anymore (due to collision or other mission termina-
tion cause), the RAAN starts drifting at a speed that de-
pends both on altitude, inclination and eccentricity, such
that all orbits of passive objects can intersect. This is
justified by the fact that the drifts of the orbital planes de-
pend on external perturbation terms that are very difficult
to predict accurately enough for long-term orbit propaga-
tion, and on object parameters such as the the attitude or
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the magnetic moment, which are impossible to predict or
control in most cases for passive objects. For active satel-
lites that feature a propulsion system, it is assumed that
all collisions are avoided through successful maneuvers.

INDEMN cannot be used for just-in-time collision
avoidance, but rather aims at providing a mission risk pro-
file. It is particularly relevant when the user aims at as-
sessing the correlated risk related to the launch of multi-
ple satellites (at various dates) on orbital trajectories that
may intersect. It can be used to predict how many col-
lision avoidance maneuvers will be required every year
for a given spacecraft (SC), which has a significant im-
pact on the operations [11]. Finally, a simplified inter-
face was made available online since February 2018 at
https://indemn.herokuapp.com. The access to the
INDEMN online calculator is free and can be provided
on demand by the authors.

2.2. Inputs of the model

2.2.1. Space objects catalogs
The main input of the code consists of the data of the

space objects orbiting around Earth in the LEO environ-
ment. The main catalog is maintained by the US STRAT
COM and made available on the space-track.org platform
[12]. This data is mainly stored in the Two Line Element
(TLE) format and can be retrieved automatically by an
Application Program Interface (API) request. The infor-
mation for each object is stored in a Python data structure
whose primary characteristics are the orbital elements di-
rectly initialized from the TLE data, and that includes var-
ious methods for secondary orbital properties, and for or-
bit propagation. However, orbit propagation of the objects
is not used in the core of the code. A flag is added to the
object definition that specifies the type of object (colli-
sion/explosion debris, rocket body, intact object, mission
related object etc.). All these objects are listed together
and are used at initialization of the LEO environment.

The collision and explosion object populations initial-
ized with the object databases represent exclusively ob-
jects larger than 10 cm, due to the performance of the
RADARs currently used to maintain the public catalog
[13]. However, these populations can be statistically ex-
trapolated to smaller objects, using the NASA breakup
model [10].

2.2.2. Atmosphere description
The residual atmospheric density is extracted from the

NRLMSISE-00 Atmosphere model [14] that provides an-
gle and altitude resolved density data since 1960. The data
was averaged over the orbital angles and fitted to a sinu-
soidal function. This fit tends to minimize the amplitude
of the temporal variations of density compared to other
models such as the ones implemented in ESAs MASTER
or NASAs ORDEM.

The effect of the drag varies considerably depending
on the altitude. The residual atmosphere mass density is
fitted to :

ρ(t, h) = ρm(h) + ρA(h) cos
[
2π
Ts

(t − t0)
]

(1)

where Ts is the period of solar activity (11.2 years), and
t0 is a date of maximum solar activity (e.g. January 1st,
2002). The parameters ρm(h) and ρA(h) were fitted us-
ing the NRLMSISE-00 atmosphere model. ρm is simply
the time-averaged density and ρA is the standard deviation
divided by

√
2. A comparison between the historical at-

mosphere density data and the fitted approximation used
here is presented in Fig. 2. The mean square error of this
fit is 20.0%, which is enough to capture the influence of
the residual atmosphere on the population of space debris.
In general, it is quite challenging to perform accurate pre-
dictions of the residual atmosphere density, provided the
highly non-predictible nature of solar activity that plays
a great role. Another approach would be to reproduce in
the future a sequence of measured historical data (with no
real physical ground however).

2.2.3. General parameters
The input parameters are sorted in Table 1 according to

the level of expertise of the user. The mission time, the
ballistic coefficient, and the explosion rate can be defined
for each population independently. The date of the catalog
tcat corresponds to the date when the data was retrieved
from the NORAD database. The relative velocity between
two colliding objects vre f is assumed constant, which is a
quite strong assumption that was however historically ac-
cepted [15]. The relative velocity primarily depends on
the orbital plane angles. However, since the model de-
pends only on the altitude, this influence is averaged out.
The fraction of catastrophic collisions is fixed to 0.3187,
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Figure 2: Comparison between the historical data retrieved from the
NRLMSISE-00 Atmosphere model [14] averaged over orbital angles
(a), and the fit proposed in Eq. 1) of this paper (b).

according to former studies of past collision events [18].
The relative velocity should also depend on the altitude
but the difference is not critical when only the LEO en-
vironment is treated. The reader can refer to a paper by
Dolado-Perez et al. [16] for further details on this mat-
ter. All the expert parameters except the fraction of catas-
trophic collisions come from the NASA break-up model.
These parameters are experimental fits and should not be
changed, except if new experiments are carried out, or an
uncertainty quantification study is needed.

The parameters listed in Table 1 deal exclusively with
the background environment. More parameters describ-
ing the behavior of the constellation satellites will be in-
troduced in Subsection 3.3.

2.3. Object populations

INDEMN was designed to run with an arbitrarily large
number of populations. All the populations are stored in
dictionary data structures indexed by their names. All the
objects of a same population have the same ballistic co-
efficient Cx. All the populations are assumed to have the
same mass density ρmat in the current version. The popu-
lations are sorted in four categories:

1. Intact objects populations are typically old satel-
lites left in orbit at the end of their orbital lifetime
or rocket bodies. Intact objects of the same popula-
tion all have the same given size. The cross section
used to compute the drag and the collision probabil-
ity is calculated from the size of the object assuming
a spherical geometry. They are subject to explosion
with a given annual probability, that is greater than
zero in general. During their de-orbitation phase,
constellation satellites are treated as intact objects.

2. Constellation objects are object populations that are
under the control of an operator. They are provided
with a mission scenario that includes de-orbitation
with a given success rate, and physical properties
(see Table 2).

3. Explosion debris have a distribution function in size
l that follows the NASA breakup model.

fe ∝ l−2.6 (2)

Each population is truncated with minimum and
maximum characteristic sizes (lmin, lmax).
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Basic
Parameter Default
Mission time 8 years
De-orbitation time 25 years [17]
Compliance to the space law, C 90% [16]
Explosion rate, pe 0/year [16]
Drag coefficient, Cx 2.2 [8]
Minimum altitude, hmin 400 km
Maximum altitude, hmax 2 000 km
Simulation start, t0 20/02/2018
Physical duration of the run, ∆t 80 years

Advanced
Parameter Default
Date of the catalog, tcat 20/02/2018
Typical size of intact objects, li 2.1 m [7]
Min. size of explosion debris, le,min 0.1 m
Max. size of explosion debris, le,max 0.66 m [7]
Min. size of collision debris, lc,min 0.1 m
Max. size of collision debris, lc,max 0.66 m [7]
Object mass density, ρmat 444 kg/m3 [7]
Mean number of objects created per
launch, nL 4.0 [13]
Reference velocity between
colliding objects, vre f 10 km/s [8]
Number of meshes, Nshell 160

Expert
Parameter Default
Size exponent of the distribution
function for collision debris 1.71 [10]
Mass exponent of the distribution
function for collision debris 0.75 [10]
Pre-factor of the collision debris
distribution function 0.03 [10]
Size exponent of the distribution
function for explosion debris 1.6 [10]
Pre-factor of the explosion debris
distribution function 6.0 [10]
Fraction of catastrophic collisions 0.3187 [18]

Table 1: Table of the input parameters of INDEMN

4. Collision debris follow the same rule but with the
exponent corresponding to the collision debris pre-
dicted also by the NASA breakup model

fc ∝ l−2.71 (3)

The power exponent for collision and explosion frag-
ments populations were assumed constant, which is a lim-
itation of the model. In reality, the atmospheric drag af-
fects smaller debris more due to a higher surface to mass
ratio, which means that the absolute value of the expo-
nents should be slightly higher at lower altitudes.

The density of objects of a population at altitude h, de-
scribed with a continuous size distribution function f , is

n(h) =

lmax∫
lmin

f (h, l) dl (4)

For a circular orbit, each object at altitude r affects the
local density according to a linear weighting algorithm:

δni =

[
i + 1 −

r − hmin

hmax − hmin
· Nshell

]
1
Vi

(5)

δni+1 =

[
r − hmin

hmax − hmin
· Nshell − i

]
1
Vi

(6)

where δni is the density increment at the i-th grid point
caused by the object at altitude r, and

Vi =
4
3
π(r3

i+1 − r3
i ) (7)

is the volume of the i-th spherical shell, the i-th grid point
altitude being

ri =
1

Nshell
[ihmax + (Nshell − i) hmin)] (8)

and i = 0, ...,Nshell. For an object that has an elliptical
orbit, the density increment δni needs to be weighted ac-
cording to the residence time of the object in each spheri-
cal shell. The simplest way to account for this effect is to
use an elliptic function defined by [19]

g(θ, e) =

θ∫
0

dx
(1 + e cos x)2 (9)

=2 arctan

(1 − e
1 + e

) 1
2

tan
θ

2

 − e(1 − e2)
1
2 sin θ

1 + e cos θ
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Figure 3: Spacecrafts launched per year and per altitude unit as a func-
tion of the altitude. The INDEMN fit is compared to historical data from
spacetrack.

where e is the orbit eccentricity. The density increment
writes

δni = [g(θi+1, e) − g(θi, e)]/π (10)

where θi is the phase angle corresponding to where the
orbit crosses the edge of the i-th shell, and defined by the
relation

p
1 + e cos θi

= ri, (11)

p being the ellipse parameter.

2.4. Source terms

Constellation objects and intact objects populations are
increased according to predictions of future launches.
The default background launch profile is calculated from
a fit of the number of launches performed in year 2016
as a function of the altitude. Even though the fit was
performed with the data of year 2016, Fig. 3 shows
that it matches well with the launch data for the period
2009-2019, which indicates that the background popula-
tion of satellites in LEO is replenished in a quite steady
manner. Specific constellations can have customized
launch scenarios implemented, as a function of time and
altitude.

Explosion objects are generated from populations of
intact objects and constellation satellites. The number of
objects generated by one explosion for a population of
explosion objects bounded by (lmin, lmax) is:

Ne = 6
(
l−1.6
min − l−1.6

max

)
(12)

according to the NASA breakup model again [10]. At
each altitude and each time step the explosion source term
is defined by

S e = Ne

∑
pene (13)

where pe is the annual probability of explosion, and ne is
the source object density. The summation is performed
over all the populations of intact objects, including
constellations.

The source term corresponding to the collisions is the
most difficult to calculate because it requires to integrate
the collision cross section over the two distribution func-
tions of the colliding populations. The cross section is
defined by

σ(li, l j) =
π

4

(
li + l j

)2
. (14)

The number of debris generated by a collision between
two populations i and j that have single masses mi and m j

is [10]

Nc,i j = 0.03 (mi + m j)0.75(l−1.71
min − l−1.71

max ) (15)

But the primary object mass depends on the size accord-
ing to – again for a spherical geometry

m = ρmatπ l 3/6. (16)

The production rate due to collisions between populations
i and j is hence:

S c,i j =vre f
ñi j

n j
(1 − scam,i j)

×

li,max l j,max∫∫
li,min l j,min

fi(li) f j(l j)σ(li, l j) Nc,i j(li, l j) dli dl j (17)

where ñi j =
n j−δi j/Vs

1+δi j
, Vs being the volume of the shell

at the altitude considered and δi j is a Kronecker operator
(δi j = 1 if i = j, 0 otherwise), introduced here to avoid
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to count twice the same collision between objects of the
same population. vre f is the typical impact velocity at the
altitude considered, which is close 10 km/s in most cases.
In Eq. 17, scam,i j is the probability of success of a collision
avoidance maneuver when a collision between objects of
populations i and j occurs. Of course, scam,i j = 0 when
both populations are passive. The production generated
by collisions between all populations is then the sum over
all the population pairs:

S c =
∑
i, j

S c,i j (18)

This population based approach allows for refining the
model as much as needed for the simulation purposes.
Finer description of fragmentation events is available in
recent studies [20].

2.5. Loss terms

The loss terms modeling collisions and explosions
are computed the same way as the corresponding source
terms. The only difference is that only one object is dis-
carded when a collision or an explosion occurs and not Nc

or Ne as is the case for the source terms.

Le = pe ne (19)

Lc,i =
∑

j

vre f
ñi j

n j
(1 − scam,i j)

×

li,max l j,max∫∫
li,min l j,min

fi(li) f j(l j)σ(li, l j) dli dl j (20)

The model also includes end-of-life maneuvers for
populations of active satellites. If S l(t, h) is the source
term due to new launches, the loss term corresponding to
end-of-life maneuvers is

Leol(t, h) = S l(t − Tmission − Teol, h) Ceol (21)

where Teol = 25 years is the de-orbitation time after the
end of operations recommended by the IADC, Tmission

is the typical mission time of non-failing satellites, and
Ceol is the level of compliance (between 0 and 1) to the
25-year rule. According to this model, that was already

used by Somma et al. [8], all the objects remain at their
initial altitude during Teol before being eliminated. This
model neglects the interaction of end-of-life satellites
with objects at other altitudes. We have improved this
model for constellation satellite end-of-life maneuvers.

For the constellations, another model was included to
account for the residence time of de-orbited objects be-
tween their initial altitude and the altitude for which the
effect of the drag becomes significant on a short time
scale. In this description, after the de-orbitation has
started, the constellation objects start descending with a
uniform velocity

vdeorbit = (h0 − hmin)/Teol (22)

h0 being the mean altitude of the constellation. This
model represents a low thrust de-orbitation maneuver.
This descending velocity is not the real radial velocity
of the object since the de-orbitation maneuver is most
likely performed by lowering only the perigee first. It
rather represents the speed at which the mean altitude of
the object evolves with time. Let ν be the probabil-
ity of failure per unit of time. If what happens at each
time-step is statistically uncorrelated, if N0 is the number
of objects starting their de-orbitation, the number of ob-
jects whose de-orbitation system is still active after Teol is
Ndeorbit = N0 exp(−νTeol). Moreover, the compliance C is
defined by the ratio Ndeorbit/N0. Therefore,

ν = − ln(C)/Teol (23)

Finally, a downward de-orbitation velocity due to the
drag is estimated by conservation of energy: during a rev-
olution of period T at a distance r from the center of the
Earth, an object undergoes an energy dissipation

W f riction =
Cx

2
ρv2S × 2πr (24)

where Cx, S , and v are the ballistic coefficient, the cross
section and the orbital velocity. This must be equated to
the loss in the total mechanical energy, which can be writ-
ten as an effective potential energy for circular orbits:

Em = −
µm
2r

(25)

where µ = GMT = 3.98 × 1014 m3s−2 is the Earth grav-
itational constant. To the first order in ∆r the change of
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mechanical energy is

∆Em = µm
∆r
2r2 . (26)

Defining the de-orbitation velocity

vd ≈ ∆r/T (27)

where ∆r is here the altitude loss during one revolution,

vd = CxρS (µr)1/2/m. (28)

The number of objects lost due to the drag is the diver-
gence of the flux in spherical coordinates

Ldrag = −
1
r2

∂(r2nvd)
∂r

. (29)

The velocity defined by Eq. 28 is analogous to a fluid
velocity of a 1D fluid model. Therefore, the time and
space discretization must satisfy the Courant-Friedrich-
Lewy (CFL) condition for the numerical scheme to be sta-
ble. Thus, it is necessary that at the minimum altitude of
the domain – where the downward velocity is the largest:

vd∆t < ∆x (30)

Eq. 30 can be quite restrictive if low altitudes need to be
included. Fig. 4 is an example of how this radial drag
velocity changes with altitude. At 200 km, the typical ve-
locity is 300 km/y, which means that for a spatial mesh of
10 km, the time step should be lower than 11 days.

2.6. Numerical model
The time derivative of the densities are computed at

each time step and each altitude for all populations. The
differential system is solved using an explicit second order
modified Euler method (midpoint method). The densities
and their derivatives are totally vectorized in the altitude
dimension, which yields faster memory access, and there-
fore a faster code execution.

3. Satellite constellation risk modeling

3.1. Motivation
Due to the steady rise of the total number of LEO ob-

jects, keeping track of each individual object is becoming

Figure 4: Radial drag velocity (pointing toward the Earth) as a function
of the altitude for a spherical object of 2 m of diameter, 1t/m3 of mass
density, and a ballistic coefficient Cx equal to 3, for the minimum and
maximum densities corresponding to the solar activity.

more and more challenging. Simulation codes based on
orbit propagation [21, 22] have limited prediction capa-
bilities due to the uncertainty on the initial orbital data,
on the modeling of the forces acting on the spacecraft,
and the chaotic nature of orbital mechanics equations.
It is therefore very challenging to perform collision risk
prediction with orbit propagation and Monte-Carlo col-
lisions beyond a few days in the future. In most popu-
lated regions, concepts such as debris densities and de-
bris fluxes, inspired from fluid mechanics and used in
the INDEMN model, become relevant. Statistical and
semi-deterministic models were already used in the past
to investigate for example the criticality of the environ-
ment on the long run, i.e. several centuries [23, 24, 25].
Large constellations of satellites such as OneWeb or Star-
link will run with over one thousand satellites for several
decades. At a lower orbit, the Iridium NEXT constella-
tion will be made of 75 satellites in the most populated
region at 780 km altitude. Other nanosat constellation op-
erators such as Spire, Planet or BlackSky (690 km) tend
to increase the altitude of their satellites and therefore in-
crease their long-term impact on the orbital environment.
In total, more than 15 000 satellite deployment have been
announced for the decade to come, although some of these
projects are still uncertain. The present study focuses on a
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scenario with only one large constellation. To that regard,
the results presented below are quite optimistic.

Due to the limited lifetime of each invividual satellite,
the total number of satellites launched for one full oper-
ation of these constellations will outreach 10 000 satel-
lites. This represents a major threat for the sustainabil-
ity of the LEO environment, as emphasized in recent pa-
pers [5, 26]. The way these satellites are manufactured
on semi-automated production lines is totally new to the
industry, which makes the reliability of the whole system
unpredictable. Several studies have shown that the stabil-
ity of the environment relies on the level of compliance
of the satellites to the 25-year de-orbitation rule, recom-
mended by the IADC. About ten constellations with 100
to 4 000 satellites were announced since year 2015, many
of which are quite hypothetical, but may well be imple-
mented at full capacity by the mid 2020s. The financial
scheme is still to be found, especially because of the high
industrial risk uncertainty – including the risk of collision.
The INDEMN software uses system-level input parame-
ters together with the latest updates of space-track.org. It
provides an estimate of the collision risk and the debris
density, and helps to identify what are the critical param-
eters for the profitability of an industrial project or the
sustainability of the environment as a whole, with respect
to orbital pollution.

Before launching a constellation, the model evolution
can be tested in various configurations, varying parame-
ters such as the system reliability, the altitude spread of
the various satellites, and the end-of-life scenario. It can
also be used to assess the necessity of implementing new
end-of-life constraining measures, and active debris re-
moval (ADR) actions [35].

3.2. Collision risk assessment

The collision frequency of one single object with popu-
lation i is computed in a similar way to the term of losses
by collisions

νci =
∑

j

vre f
ñi j

n jni
(1 − scam,i j)

×

li,max l j,max∫∫
li,min l j,min

fi(li) f j(l j)σ(li, l j) dli dl j (31)

The individual risk of collision between two dates t1 and
t2 is computed using Poisson’s law

ri(t1, t2) = 1 − exp

−
t2∫

t1

∑
i

νci t

 . (32)

3.3. Simplified model of a constellation

We propose here a simplified model of the orbital en-
vironment with a typical constellation depicted in Ta-
ble 2. Although the model could theoretically describe
popuations of Lethal Non-Trackable (LNT) objects below
10 cm, it was chosen here to focus on the objects bigger
than 10 cm, for which more information is available in the
literature. Indeed, one should keep in mind that a statis-
tical model should preferably be calibrated with observa-
tion data and other simulation tools. The probability of
having a mission terminated due to a LNT object is typi-
cally 25 times greater than that with a tracked object.

In the INDEMN model, the collision risk for a popu-
lation of N satellites is not just the sum of the collision
risk of each individual satellite in a fixed background, but
also accounts for the interactions between the satellites of
a same population.

Satellites of a same constellation are spread over vari-
ous orbital planes, with altitudes that are close to the ref-
erence value of the constellation altitude hconst. It is as-
sumed that the satellites are spread uniformly in a spher-
ical shell between hconst − ∆h/2 and hconst + ∆h/2. The
parameter ∆h is called the altitude spread.

h = hconst ± ∆h/2 (33)

The parameters chosen for the following case study
correspond approximately to the OneWeb constellation,
taken from publicly available information [26].

The cross section is a tumbling-averaged cross section,
such that the satellite attitude does not affect the model.
Since the 1990s, satellite operators have enforced passi-
vation measures that have made in-orbit explosions very
rare. Consequently, the explosion rate is set to 0 in all the
simulations carried out in the next sections. The default
value for the success rate of the post-mission disposal ma-
neuver is 90%, which is slightly lower than what the oper-
ator claims, but much higher than typical figures observed
for former satellites. During their de-orbitation maneuver,
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Parameter Default
Altitude 1 200 km
Launch date 2019/01/01 a

Constellation build-up 2019-2021
Full operation 2022-2072
Satellite lifetime 5 years
Satellite cross section 2.7 m2

Altitude spread 40 km
Post-mission disposal success rate 90 %
De-orbitation time 2 years
De-orbitation scenario Low thrust
Yearly explosion rate 0 /year
Collision avoidance success rate 100 %
Launches per year 20 (deployment)

12 (replenishment)
Satellites per launch 18

Table 2: General parameters for the reference constellation used in this
paper. The data is taken from Radtke et al. [26] (2017) and Bastida et al.
[27] (2016) and are close to the scenario of the OneWeb constellation.

a As of August 2018, the launch date of the first satellites of OneWeb
is expected to be between December 2018 and February 2019 (space-
news.com)

end-of-life satellites form a new population, that is not
able to perform collision avoidance maneuvers anymore
(0% success rate). This assumption has already been dis-
cussed in the past by other authors [28].

On-orbit collisions are critical events that may engage
the third-party liability of the operator if it is shown
that he is at fault. Moreover, it makes the operations
of the other constellation satellites much more difficult
to manage because the orbit becomes polluted. Thanks
to constellation-level redundancies, the main service is
likely to be still delivered, but at higher operational costs
due to more frequent collision avoidance maneuvers, such
that the profitability of the constellation as a whole would
be at stake. Therefore, the probability of causing one col-
lision during the de-orbitation phase is a key parameter,
that will be thoroughly investigated in Section 4.

4. Practical cases

4.1. Influence of the constellation altitude
The altitude of the constellation characterized by Ta-

ble 2 was varied with a fixed de-orbitation time of two
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Figure 5: Risk for a de-orbiting satellite of the constellation to cause a
collision as a function of the constellation altitude. The de-orbitation
time is set to 2 years.

years. The consequences on the probability of causing
one or more collisions during the de-orbitation phase is
presented in Fig. 5 in semi-logarithmic scale. The col-
lision risk is larger for lower altitudes because the de-
orbitation speed increases with altitude. Consequently,
the density of de-orbiting satellites is larger for lower alti-
tudes, hence the increase in collision risk. For an altitude
of 1 000 km, the probability of causing at least one col-
lision by 2050 is approximately 1.8%. The investigated
scenario features one single large constellation, and with
no fragmentation due to explosions. The post-mission dis-
posal maneuver is performed within two years with a suc-
cess rate of 90%. Overall, quite optimistic values were
chosen for the constellation, and the model does not ac-
count for for LNTs. Therefore, we believe that the results
presented are quite conservative.

4.2. Time of the de-orbitation maneuver

As discussed in former studies [27], the de-orbitation
time has a strong influence on the long term impact of
a constellation on the LEO environment. These studies
revealed that the IADC 25-year rule might not be suffi-
cient to sustain the stability of the environment. Indeed,
Fig. 6 shows that the asymptotic slope of the long-term
evolution of the collision risk is strongly affected by the
time needed for constellation satellites to de-orbit after
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Figure 6: Probability of causing at least one collision for various de-
orbitation scenarios: de-orbitation performed in 2 years, 5 years, 10
years, or 25 years. Constellation parameters are those specified in Ta-
ble 2 .

their mission ended. In the 25 year de-orbitation case,
the satellites start crossing the most population LEO re-
gion around 800 km later than in the other cases. In the
other cases, this time shift is not really visible on the graph
(but still there). The asymptotic slope is mainly driven
by the time it takes to the de-orbiting satellites to cross
the LEO region. By 2065, the risk of causing more than
one collision is 2% in the 2-year de-orbitation scenario
chosen by the OneWeb operator and 20% in the 25-year
de-orbitation scenario recommended by the IADC, which
may not be accepted neither by the operator, nor insurers,
nor financers. Interestingly, the private sector has antici-
pated this risk and has implemented mission requirements
that are more constraining than the international recom-
mendations. It seems that the 25-year rule, that was de-
cided at a time when announcements of large constella-
tions were not so numerous, is not very well suited for the
current paradigm.

4.3. Conditional collision probability
We call here conditional collision probability the prob-

ability that a collision occurs due to a satellite of the con-
stellation provided that another independent collision has
occurred at a given date.

By default, INDEMN provides mean values of space
debris density, from which parameters such as the colli-
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Figure 7: Probability for a de-orbiting satellite to be involved in a colli-
sion with a space debris, given that a catastrophic collision occurred in
2025, generating 3 000 objects larger than 10 cm.

sion frequency can be derived. In order to test the robust-
ness of the outputs with respect to some rare events, exter-
nal conditions can be imposed in the evolution scenario,
and compared with the reference case. In Fig. 7, the red
dashed line represents the average temporal risk profile
for the constellation depicted by Table 2. In the scenario
represented by the solid blue line, it was assumed that a
fragmentation has occurred at 800 km in year 2025 that
generated 3 000 debris of more than 10 cm, independently
of the constellation operation. This event is comparable
with the collision between Iridium-33 and Kosmos-2251
that took place in 2009. Computation was performed for a
10-year de-orbitation scenario. Even though the collision
considered here took place 400 km kilometers away from
the constellation operational altitude, the influence on the
collision risk for de-orbiting satellites is significant. In
2065, 40 years after the hypothetical fragmentation, the
collision risk is as high as 15%, while it is only 11% in
the reference case , which corresponds to a relative in-
crease of 36%. By 2035, the collision risk reaches 2% in
case of a catastrophic collision, as opposed to only 1.2%
in the averaged reference scenario.

5. Conclusions

Some of the first results obtained with the INDEMN
software were presented in this paper. Among all the pa-
rameters of the constellation, the de-orbitation time was
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identified as a key driver of the total collision risk for
end-of-life satellites with trackable objects. The cumu-
lated collision probability for constellation satellites was
estimated over five decades, based on size distribution
functions for fragmentation debris. For industrial pur-
poses, it would be useful to implement best and worst
case evolution scenarios, and to perform an uncertainty
quantification analysis. The worst case scenario would
include all the constellations that have been announced
since 2015, which mounts up to 15 000 more satellites in
LEO. The figures presented in this paper are the results
of a 1D model where all the objects have the same rel-
ative speed when they collide. It does not account for
the discrete orbital planes of the constellation satellites.
However, the long-term correction corresponding to this
effect is supposed to be relatively weak [23]. The model
could be improved to 2D or 3D, so as to account for the
orbit angles more precisely, as it was performed in some
former studies [29, 30]. Solar and Earth radiation fluxes
were also neglected in the present study [31]. The deor-
bitation scenario of the background satellites is very sim-
plified and could cause some discrepancy with respect to
an ideal model. Nevertheless, as shown in Appendix B,
the model was successfully benchmarked with reference
cases of the literature.

In summary, INDEMN can provide useful estimates of
the collision probability for mission analysis, constella-
tion planning, and policy impact assessment. The risk re-
lated to LNT objects was not investigated in this paper.
Statistical models of collision cascades require to account
correctly for the behavior of the size distribution func-
tion of objects. The present work is a first step towards
a kinetic theory of space debris inspired from the kinetic
theory of gases, but with the object size as an additional
phase parameter.
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Appendix A. Acronyms

API Application Program Interface
ADR Active Debris Removal
CFL Courant-Friedrich-Lewy

IADC Inter-Agency Space Debris
Coordination Committee

INDEMN INtelligent DEbris MaNagement
LEO Low Earth Orbit
LNT Lethal Non-Trackable

RAAN Right Ascension of the Ascending Node
SC Spacecraft

SSA Space Situational Awareness
SSR Space Sustainability Rating
TLE Two Line Elements

Appendix B. Benchmarking INDEMN

Appendix B.1. IADC 2012 benchmark for the stability of
the Future LEO environment

The IADC 12-08 report Stability of the Future LEO en-
vironment [17] is an initiative of the Inter-Agency Space
Debris Coordination Committee aiming at comparing the
simulation results of the simulation codes of six national
or international space agencies against each other, start-
ing with the same model assumptions and the same input
data. The estimated 2012 initial population was provided
by the Master 2009 for objects of size greater than 10 cm.
It was assumed that there were no on-orbit explosion oc-
curring (strong assumption) and that the compliance to
the 25-year rule would be 90%. Instead of integrating the
solar flux as it is done by five of the codes, INDEMN di-
rectly embeds a model for atmospheric density. The sim-
ulation is run for the LEO environement between 200 and
2 000 km.

Only two populations were considered in this case, in-
tact objects and collision debris. Following G.-L. Somma
[7], all the intact objects are assumed to have a typical
size of 2.1 m and the collision debris of 0.3 m (the distri-
bution functions are Dirac for both populations), and the
cross sections and masses are computed accordingly. The
orbital collision velocity is fixed to 10 km/s for all alti-
tudes. The ballistic coefficients are Cx = 2 also for both
populations.

INDEMN shows an agreement better than 18% with all
the other code at all time and better than 5% agreement
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Figure B.8: Comparison of the simulation results by various codes de-
veloped by national and international agencies with the results provided
by INDEMN for the IADC 12-08 benchmark.

with the ISRO sand ESA simulation tools. Considering
the large discrepancy between the simulation codes, this
is quite satisfactory.

Appendix B.2. Risk to space sustainability from large
constellations of satellites

We propose a second simulaton case to improve the val-
idation of INDEMN based on a paper by Bastida et al.
[27]. The assumptions for the background populations are
the same as for the IADC-2012 benchmark and it is still
assumed that there will be no spacecraft (SC) explosion.
A population corresponding to a satellite constellation is
added whose characteristics are summarized in Table B.3.
The constellation satellites, like all other objects, are as-
sumed to be passivated with a 100 % success rate, but are
de-orbited at the end of their operation time with a success
rate varying between 50 and 100 %.

These simulations emphasize the critical role of the re-
liability of the de-orbitation phase. Paradoxically, it is
when the satellite is the least likely to be fully operational
– at the end of its lifetime – that the most critical and
challenging maneuver is required. The success of the de-
orbitation maneuver is so critical for the sustainability of
the orbit of operation that it should be totally independent
and isolated from the rest of the system. The propulsion
system used for de-orbitation, including its power supply

Parameter Value

Mass 200 kg
Cross section 1 m2

Altitude 1 100 km
Number of satellites 1 080
Starting year 2018
Number of satellites 360 (2018-2020)
launched per year 216 (2021-2071)

De-orbitation rate after 25 years 50-100 %
Mission life-time 5 years

Table B.3: Characteristic of the constellation simulated in Bastida et al.

if relevant, should be exclusively dedicated to this maneu-
ver.

Appendix C. Code architecture

INDEMN is divided in three main classes:

• The TLE objects

• The population class

• The shell environment class

Appendix C.1. The TLE class

The TLE class contains the raw TLE data as attributes.
A documentation of the TLE data is available at space-
track.org. The launch date is converted to a Python date-
time format using the dtlaunch method, which makes
it easier to extract directly the year of the launch. Or-
bital parameters such as the instantaneous right ascension,
the semi-major axis, the angular momentum, the instanta-
neous longitude, the apogee and perigee are also calcu-
lated with methods that have been implemented into the
TLE class.

Appendix C.2. The population class

The population class mainly contains a vector of den-
sities at the various altitude shells. The type of population
is also an attribute of the population class, and so are
the ballistic coefficient, and the level of compliance to the
25-year rule C. The minimum and maximum sizes of the
population objects, and the exponent coefficients giving
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the size distribution functions (1.6 for explosion debris,
1.71 for collision debris) are also attributes. Each source
and loss terms (in # km−3s−1) are computed using dedi-
cated methods. Some integrals used in the computation of
the collision terms are calculated and stored in dedicated
dictionary data structures at code initialization.

Appendix C.3. The environment class

The environment class (shell space) encapsulates
most of the information used during a run. Its attributes
are summarized below:

• A 1D dictionary of populations ;

• A 2D dictionary of collision avoidance success rates
between each pair of populations ;

• The integrals used for the computation of the terms
of source by collision (2D dictionary) and loss by
collision (1D dictionary) ;

• The altitude shells stored in a simple vector ;

• The parameters for atmosphere modeling ;

• The relative date.

The TLE data are read directly from the
shell environment class through the add TLE and
add TLElist methods. The evolution of the densities
of the various populations is also computed within the
shell environment class, using a time vector (in years)
as input, and embedding the modified Euler solver.

Appendix C.4. Output management

The successive environment data objects during a run
are stored together in a list of states in memory. This al-
lows to access all the information easily at the end of the
run, for data storage and post-processing.
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