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ABSTRACT

Over the past decades, international guidelines and stan-
dards have been established to limit the increase of de-
bris in orbit. In particular, over the past years a signif-
icant effort has been made to avoid accidental fragmen-
tations thanks to passivation of space objects as well as
limiting their resident time in protected zones after End
of Life. In addition many studies have been conducted
at international level to identify the needed level of com-
pliance with mitigation guidelines in order to guarantee a
stable orbital debris environment over the next 200 years,
as well as to identify the situations under which Active
Debris Removal (ADR) operations were needed to guar-
antee such environment stabilization. Nevertheless, al-
most the totality of such studies were done considering
very optimistic hypothesis affecting both the background
population (i.e. the population resulting after more than
60 years of space activity) as well as the future popula-
tion (i.e. no explosions, new rocket bodies perform direct
re-entry, only objects of sizes bigger or equal than 10cm
are considered into the simulations).

Today, the reality is that the objects present into the back-
ground population continue to explode, at a frequency
of between 3 and 12 explosions per year, and that the
so called New Space is leading to the launch of an un-
precedented amount of new operational satellites, some-
times without maneuverable capability into circumterres-
trial orbit.

The work presented on this paper seeks to analyze in a de-
coupled manner the role that the background population
and that a hypothetical future population, including the
so called New Space effects (i.e. mega-constellations),
have on the medium (50 years) and long term (100 years)
evolution of the orbital population. In addition, the pop-
ulation minimal size has been extended down to 1cm, as
a collision with centimeter size objects can also lead to
lethal or catastrophic break-up.

Keywords: Orbital Debris; Guidelines; New Space;
Large Constellations.

1. METHOD

1.1. The MEDEE evolutionary model

The CNES software called MEDEE [1] is a thridimen-
sional evolutionary model, allowing to analyze in sta-
tistical terms, the meddium and long term evolution of
the man-made orbital population. More precisely, the or-
bits are semi-analytically propagated and multiple inputs
are taken into account: background objects, launch pre-
dictions (traffic), compliance with end-of-life guidelines,
success of collision avoidance maneuvers, etc. Random-
ness is present in some of the (many) variables involved
[2], hence the name of semi-stochastic model and the
need to perform Monte Carlo campaigns. For a given
simulation, two antagonistic mechanisms (”source and
sink™) confront each other on a large scale: on the one
hand, the appearance of new objects, either launches or
fragments, and on the other hand, the disappearance of
existing ones, by atmospheric re-entry or active debris re-
moval. A few tens of MC runs are sufficient for a good
convergence of the mean (or median) of the numbers of
objects and collisions over time, but several more orders
of magnitude seem necessary to reach a reasonable con-
fidence in higher order moments such as the covariance
[4] . Some notable technical aspects of MEDEE include:

e The orbit propagations are semi-analytical thanks to
the STELA propagator[3].

e The collision probabilities are usually computed ac-
cording to the Cube method [5] because of its com-
putational complexity which is linear rather than
quadratic in the number of objects.

e The effects of fragmentations, which include colli-
sions and explosions, are determined according to
the empirical model of NASA known as “’Standard
Satellite Breakup Model”’[6], noted "NASA Stan-
dard BU Model” hereafter. The latter distinguishes
between catastrophic collisions (fragmentation of
the two objects involved) or not (fragmentation of
the less massive object only and cratering of the
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other) according to a criterion based on the ratio of
masses and relative speed.

Except for those in J2-mean (on the RAAN only) which
artificially simulate station keeping, the propagations per-
formed in this study classically model the following or-
bital perturbations:

Earth gravitational potential (the order represented
depends on the type of orbit)

Atmospheric drag

Solar radiation pressure

Lunar-solar effects

The geomagnetic indices are assumed constant at 15
while the solar flux is a mean projection based on a mix-
ture of low, mean and high past 11-year solar cycles.

1.2. Simulation cases

Over the past years, MEDEE and similar tools from
other Inter-Agency Space Debris Coordination Commit-
tee (IADC) members have been used to analyze the influ-
ence on the orbital situation of various factors, including
their couplings, such as solar activity, end-of-life mea-
sures, ADR, large-constellations

The high degree of uncertainties in some parameters,
or even their completely unpredictable nature at times,
and the approximations of the model make it impossi-
ble to make predictions as such, but rather help to iden-
tify trends and understand how the complex system under
study works. In oder words, the results of such environ-
mental models allow to identify a range of possible fu-
tures rather than to predict a specific one.

Given these uncertainties in prediction, the work reported
here aims to explore scenarios which, rather than trying
to accurately represent the current situation and plausi-
ble future situations, attempt to frame possible evolutions
and evaluate the effectiveness of international recommen-
dations by making as few questionable assumptions as
possible. Thus, two study cases have been identified:

1. ”No traffic evolution” : An evolution, from the cur-
rent estimated population, with no more human ac-
tivity. In particular, there are no launches, end-of-
life actions, or collision avoidance. Different explo-
sion rates in orbit are investigated. A first evalua-
tion without the “small” objects (i.e. the subgroup
of the population for which internal collisions are
neglected) is first performed. A second part aims at
including these small objects, from the initial pop-
ulation stage (and not just from the first fragmenta-
tions).

2. An evolution without background, but with a real-
istic traffic extrapolated from the current situation
and from known large-constellation projects. End-
of-life measures (post-mission disposal, noted PMD
hereinafter) are assumed to be successful at 90%.
Again, small objects (the subgroup of the popula-
tion for which internal collisions are neglected) will
be included.

In particular, these scenarios should answer the following
questions: in the present situation, if no more satellites
were launched, is it too late to avoid the Kessler syndrome
without ADR? Are the current international guidelines
adequate to operate space, including to maintain large-
constellations, if they were well respected from the very
beginning?

2. NO TRAFFIC EVOLUTION

2.1. Long-term evolution of objects > 10cm

This scenario assumes that absolutely no launch is per-
formed. Moreover, no end-of-life, collision avoidance or
ADR measures are taken. In other words, it is as if hu-
manity no longer carried out any space activities. There
are thus only three types of events in action:

e Natural re-entries, in the strictest sense of the term
since there is no end-of-life maneuver

e Explosions

e Collisions (catastrophic or not)
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Figure 1. Number of non-deliberate explosions observed
up to 2018 (Anz Meador et al [7])

In this simulation, a constant annual explosion rate (of
objects heavier than 500kg, of any type) is considered.
The values investigated are 1, 3 and 12 explosions per
year. In reality, according to NASA, from 1990 to 2018,
there have been between 1 and 7 accidental explosions
per year [7]. The exact variations can be seen on the



Fig. 1. Note that ESA has more pessimistic figures (an-
nual average of 11.6 non-deliberate fragmentations be-
tween 1988 and 2018, of which less than 1 % were colli-
sions [9]).

Fig. 2 shows the LEO populations (averaged over 30
Monte Carlo) resulting from the different explosion rates.
Fig. 3 represents the cumulative number of catastrophic
collisions.
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Figure 2. Evolution of the population without traffic and
without small objects. Blue is one explosion per year,
green is three, red is twelve (one per month)
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Figure 3. Cumulative catastrophic collisions as a func-
tion of time without traffic and small objects. Blue is one
explosion per year, green is three, red is twelve (one per
month)

In summary, explosions dominate the source & sink and
cause a general increase in population. The fragments
generated by the explosion will generate further colli-
sions. These different chain reaction patterns are evident
after a few years for non-catastrophic collisions and a few
decades for the catastrophic collisions. After a century,
there is almost three times more catastrophic collisions
when the explosions take place once a month rather than
once a year.

In the scenario with one explosion per month, and giv-
ing the mass limit that has been considered for an object
to explode, we are in a situation where there are no fur-
ther objects to explode. In this situation, re-entries take
over almost immediately and the trend is thus reversed.
Even if we push the simulated times to 400 years, only

the rate of one explosion per month actually exceeds this
tipping point, while the rate of three per year seems to be
just about it. Moreover, it can be seen that the maximum
reached is much lower, because there have been fewer
chain reactions of fragmentations and the atmosphere had
more time to ’clean up”. After four centuries, the popu-
lation with the highest number of objects is the one with
the intermediate rate.

2.2. [Evaluation of the lost mass

The previous results shows that there is a strong correla-
tion between explosions and collisions. This correlation
is quite intuitive, as the fragments generated by an
explosion, will be at the origin of future collisions.
Nevertheless, previous results have been obtained with a
population whose minimal size is 10cm. Moreover, sev-
eral studies shows that even a collision with a centimeter
size particule can have catastrophic collisions [8]. One
of the consequences of this 10cm size threshold, besides
avoiding collisions with smaller particles, results on the
virtual removal of fragmented mass from the simulation.

Indeed, whether for an explosion or a collision, the
NASA Standard BU Model provides a distribution of
generated fragments. The part corresponding to the
smallest sizes is simply removed from the simulation
since the associated diameters are generally lower than
the limit. The question is therefore to know if the amount
of material thus artificially removed appears negligible or
not. MEDEE allows to find a posteriori the total mass
lost over time, however it is not known precisely how
many fragments are lost at each fragmentation (poten-
tially thousands or even tens of thousands), as well as the
respective mass they would have had.

For information, radar data suggest that the NASA Stan-
dard BU Model overestimates the number of debris cre-
ated around lcm while it underestimates it around 1mm

[10].

2.2.1. One explosion per year

This Monte Carlo contains 50 runs. Fig. 4 shows the aver-
age and cumulative mass loss for one explosion per year.
It can be seen that several tons are virtually removed from
the simulation. Nevertheless, relatively to what re-enters
the atmosphere, it is several orders of magnitude less, as
shown in Fig. 5. The 2700 tons reentered after 200 years
is a little more than half of the total mass of the origi-
nal population (about 4700 tons). The mass virtually lost
in the simulation is therefore not a major contributor in
the sink & source mechanism. Note that the peak shortly
after 2020 corresponds in fact to a re-entry of the interna-
tional space station.
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Figure 4. Lost mass for an explosion rate of 1 per year
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Figure 5. Re-entered mass for an explosion rate of 1 per
year

In order to visualize where this mass disappears, its al-
titude was retrieved, using other debris from the same
clouds. Fig. 6 shows the log-log scale distributions of
mass and altitudes for fragments virtually removed from
the population (Monte Carlo average). It is noteworthy
that the mass of virtually removed fragments due to col-
lisions span several orders of magnitude (from milli- to
decagram), in contrast to the explosions for which frag-
ments masses are essentially clustered around lkg or so.
This is partly due to the fragmentation models themselves
which are different, but also to the fact that with our as-
sumptions, only large objects explode. In comparison,
collision losses are rather split into two groups, which
probably correspond to the respective clouds of massive
objects (such as a rocket bodies or satellite of several
tons) and others. The altitudes are also different: explo-
sions occur up to GEO altitude because of rocket bodies
in GTO orbit, while collisions are concentrated on the
two most occupied areas in LEO.
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Figure 6. Distribution of mass lost by fragmentation as
a function of altitude for an explosion rate of 1 per year.
Blue is the distribution for collisions, red is explosions

2.2.2. Three explosions per year

This campaign contains 50 simulations. Without surprise,
Fig. 7 and Fig. 8 show that the losses due to explosions
are about three times higher than before, since the event
rate has been multiplied. Collision losses have slightly
increased, as more explosions lead to more collisions.
Reentries remain relatively unchanged, compared to the
one per year case.
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Figure 7. Lost mass for an explosion rate of 3 per year
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Figure 8. Distribution of mass lost by fragmentation as a
function of altitude for an explosion rate of 3 per year



2.2.3.  One explosion per month

We still consider here a Monte Carlo of 50 runs with-
out objects smaller than 10cm. Compared to the previous
case, the explosion rate has been multiplied by four. We
can observe the same factor in the mass losses due to ex-
plosions [Fig. 9], until the moment when no more objects
are eligible (heavier than 500kg here), which happens af-
ter about 150 years.

The losses due to collisions have almost doubled, due to
the stimulation of the latter by the explosions. Re-entered
mass is also slightly greater [Fig. 10], because of the in-
creased number of fragments and their re-entries. Note
also that this re-entered mass is only one order of magni-
tude higher than the one artificially lost in the explosions.
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Figure 9. Lost mass for an explosion rate of 1 per month
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Figure 10. Re-entered mass for an explosion rate of I per
month
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Figure 11. Distribution of mass lost by fragmentation as
a function of altitude for an explosion rate of 1 per month

2.3. Propagations with small objects

The previous simulations indicated that cutting-off the
small debris removes a non-negligible mass from the or-
bital population. Including the latter could lead to addi-
tional fragmentations and thus to a more pessimistic evo-
lution of the population. In order to take into account this
class of objects, it is possible to rely on models (MAS-
TER from ESA and ORDEM from NASA) which, based
on impact measurements, provide estimates of the num-
ber of smaller objects.

In order to get a reference, a no-explosion case is simu-
lated as well. It is a very optimistic scenario, because in
reality there are still launch vehicle stages that are highly
likely to fragment in the years to come.

2.3.1. Hypothesis

This section reviews the selection of MEDEE input val-
ues in detail.

e The duration of the simulation is one century, since
we already know the long term effects without small
objects.

o The diameter of detectable objects is still 10cm in
2019 and since 1cm debris can already create criti-
cal damage, small objects are defined between 1 and
10cm.

e There is no traffic so there are no launch files or con-
stellations.

e Since we consider that there is no more human in-
tervention, no end of life action is performed. For
the same reason, there is no collision avoidance or
ADR.

e Payloads follow an average J2 dynamics on the
RAAN, and perform collision avoidance maneuvers,
during 8 years right after launch (mission duration).
This can be interpreted as automated station keep-
ing. It applies to payloads launched during the 8
years timespan before the simulation start date.



As a reminder, there are a total of 4 different scenarios
analyzed: without explosion, with an explosion rate of
1 per year, with an explosion rate of 3 per year, with an
explosion rate of 1 per month.

Generation of the population used The idea here is
to start with a population containing objects smaller than
10cm. It is built from populations provided by ESA.

e A population of objects greater than 10 cm valid on
02/01/2018 (population provided by ESA)

e A population of objects greater than 1cm represen-
tative of 2005, with updates to include the Chinese
ASAT of 2007 and the Iridium-Cosmos collision of
20009.

At the end of the process, there is a total of 521378 indi-
viduals in the extrapolated population, of which 521222
have a maximum perigee below 2000km and 284316
have a maximum apogee below 2000km of altitude.

Counting the actual number of LEO objects, we obtain
327112, including 19929 larger than 10cm. Fig. 12 visu-
ally compares the population with objects > 10cm with
the one of objects > lcm. It can be seen that at a given
height, the background is 10 times denser in one case than
in the other. Note that there is however only about 2.5
tons of difference between the two in terms of total mass.
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Figure 12. Comparison of effective spatial densities in
2018 for objects larger than 10cm (dashed line) with the
reconstruction of a population down to Icm (solid line)

2.3.2. Results

The final average spatial densities are given in Fig. 13.
We can see the global effect of the “’sink” (atmospheric
drag moves the density to lower altitudes and attenuates
the peaks) and of the “’source” (the fragments increase
by density stripes). We can also see that the shape of
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Figure 13. Effective spatial densities without traffic. Pur-
ple is the no-explosion case, blue is 1 explosion per year,
green is 3 explosions per year, and red is 1 explosion per
month. Dotted black is the initial density (1 century ear-
lier)

the curves is the same whatever the explosion rate: it is
essentially the shift on the ordinate axis that differs.

Fig. 14 shows the evolutions of the average numbers of
objects (small only on the one hand and all combined on
the other hand), Fig. 16 shows the accumulation and the
distribution in altitude of catastrophic collisions. Fig. 15
shows the final total population distributions and Fig. 17
the cumulative number and altitude distribution of non-
catastrophic collisions.

The Monte Carlo with one explosion per month is re-
stricted to 25 runs instead of 50 because of the very im-
portant increase of number of objects compared to the
> 10cm objects simulation.

The population size of objects larger than 10cm is very
close to that obtained when small objects are not in-
cluded. In contrast, collisions, whether catastrophic or
not, are much more common. In particular, there is a
multiplicative factor between two and five for the former
depending on the explosion rates.
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Figure 14. Average number of objects without traffic.
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population. Purple is the no-explosion case, blue is 1 ex-
plosion per year, green is 3 explosions per year, and red
is I explosion per month



Table 1. Average collision record after 100 years (without - with a small object involved)

Collision pair New deb.-RB/P.  Old deb.-RB/P. Deb.-deb. RB/P.-RB/P. Other Total

0 exp./y 35-324 10.7 - 105.9 29-322 44-0. 1.-25 22.5-1729
1 exp./y 7.8-91.2 10.5 - 104. 5.6-56.3 4.1-0. 1.-34 29. -254.9
3 exp.ly 16.8 —194.7 10.2-98.5 10.6 —127.1 3.9-0. 1.2-45 42.8-424.8
12 exp.ly 34.7-4429 9.1 -84.8 64.2-774.4 2.5-0. 24-11.8 112.79-1314.

100

Figure 15. Total population distributions after 100 years
(plain lines). Dashed vertical line is the initial distribu-
tion and plain vertical lines are distributions means. The
color code is the same as in Fig. 14
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Figure 16. Average number over time (left) and final av-
erage distribution by altitude bin (right) of catastrophic
collisions. The color code is the same as in Fig. 14
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Figure 17. Average number over time (left) and fi-
nal average distribution by altitude bin (right) of non-
catastrophic collisions. The color code is the same as in
Fig. 14

If we focus now on Fig. 14 and Fig. 16, we can see that
the final distributions do not overlap and thus the different
patterns are unambiguously discernible from each other
after 100 years. In terms of averages, the complete pop-

ulation follows the same general evolution as that of the
objects of 10cm and more, except for the case of one ex-
plosion per year.

Indeed, in this configuration, the total number of objects
decreases a little at the beginning before increasing to,
after 100 years, be approximately at the initial level. De-
pending on the run, the number may be higher or lower.
The only case for which all types of populations always
decrease is the one without explosions. From three explo-
sions per year onwards, the average cumulative number
of catastrophic collisions is clearly non-linear in time, ev-
idence of explosion-collision chain reactions. These are
clearly shown in the figures reported on the Tab. 1 (aver-
age detail of the final collision totals). It also results that
more than 85% of the collisions take place with an object
of less than 10cm.

Nevertheless, fragments are still dominated by explo-
sions, as shown in Fig. 18 which shows as a function of
time the Monte Carlo average of the real count of new
debris smaller than 10cm, as well as the proportion re-
sulting from collisions. Note that in this figure, there are
only 15 runs instead of 25 for the monthly explosion rate
because of the prohibitive post-processing times in this
configuration.
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Figure 18. Actual number of new small debris. Dotted
lines are debris from collisions , plain lines are all new
debris. The color code is the same as in Fig. 14



Conclusion As a first step, an analysis of the mass lost
by fragmentation in MEDEE by limiting the size of the
objects to 10cm showed that this mass is in fact dis-
tributed in a number of objects representing most of the
fragments. Moreover, the individual masses of the debris
created are not negligible from a kinetic energy point of
view which is used by the NASA Standard BU Model to
determine the type of collision (i.e. catastrophic / non
catastrophic). New simulations without traffic, but in-
cluding a subpopulation below 10cm from the initial date,
were therefore carried out in a second phase. They con-
firmed trends already observed on MC without small ob-
jects:

e Collisions alone are not sufficient to generate a
Kessler-like phenomenon from the current back-
ground

e From a certain value for the explosion rate, these
dominate the “’sink & source” and the population in-
creases on average, at least in the medium term.

This tends to suggest that ADR on massive targets with
a non-negligible chance of exploding could be effective
on the current background, a conclusion consistent with
simulations performed in the framework of the IADC, but
which did not take into account potential explosions. A
question remains for non-zero explosion rates: will the
population immediately decrease when all eligible ob-
jects have exploded as in the simulations without small
objects, or will there be inertia in the system?

3. NO BACKGROUND EVOLUTION

The idea of this scenario is to consider an empty initial
population with an evolution of the launch rate as it is
expected in the next decades, in particular due to mega-
constellations. We will be able to see if, having wiped the
slate clean, the current recommendations of the IADC are
adequate or not to prevent the situation from degenerat-
ing. Similar to the French Space Operation Act (which in
addition requires to fully passivate, and therefore avoid
explosions), they stipulate that at the end of a mission in
LEO, the satellite must re-enter in maximum 25 years.

3.1. Hypothesis
This section reviews the settings defined for MEDEE.

e To remain consistent with the no-traffic scenarios,
the start date is in 2018. The simulation duration
is reduced to 50 years, because of the high number
of ”large” objects and the economic uncertainty of
maintaining mega-constellations for generations.

e In order to be consistent with the other scenarios,
small objects are considered between 1 and 10cm.

e The launches file is provided by ESA. It includes

launches from 2005 to 2012. The first cycle en-
countered is therefore 2013 to 2020. According
to spacelaunches.com, there were 672 launches be-
tween 2011 and 2018 against 524 between 2005 and
2012, that is 28% of increase. Instead of using a
repeated eight-year cycle, We therefore started with
this percentage for the first cycle encountered, and
defined a linear evolution per cycle up to 50 % in-
crease in 50 years.

The simulated constellations are representative of
the mega-constellations to come. We have in total
9 orbital shells”:

— 5 between 1100 and 1325km with a total of
3500 objects

— 1 at 550km for about 1600 satellites

— 3 between 300 and 400km for a total of about
7500 objects

Depending on the case, the inclinations vary be-
tween 42 and 88 degrees. We consider an electrical
orbit-raising for shells above 400km (in one or three
months according to the altitude) whereas the others
are directly injected in their operational orbit. No
Rocket Body or Mission Related Object is supposed
to remain in orbit. Each shell launch plan is repeated
every ten years: with their five-year lifetime (and
sometimes two or three years of progressive deploy-
ment plus deployment delays between shells), this
means that there is a gap of a few years without a
satellite for some constellations, which is not realis-
tic but allows two things:

— To make sure that we do not launch objects at
exactly the same place and thus that we do not
artificially create collisions.

— To have a clear distinction between LEOP +
start of operations and end of operations + end
of life.

It should be noted that an optimistic assumption is
made on constellations launchers, that are supposed
to re-enter very quickly and are therefore never in-
cluded in the population.

It is considered that, as suggested in [12] for exam-
ple, 90% of the missions manage to do PMD (here
to perform a re-entry, not a re-orbit above 2000km).
The effects of the maneuvers are immediate. Note
that constellations below 600km do not perform ma-
neuvers to respect the 25-year recommendation.

Collision avoidance (possible only with objects
greater than 10cm and if there was no previous non-
catastrophic collision) is assumed to be successful at
100 % during the mission (5 years for constellations
and 8 years for other satellites).

Since we start without background, no ADR is
planned.



¢ Ininternational guidelines, it is now precised that the
probability of accidental break-up of a spacecraft or
launch vehicle orbital stage in Earth orbit shall be
less than 10-3 until its end of life [12]. This thresh-
old is taken into account in the simulation, with a
minimum mass for objects in the constellation to be
allowed to explode fixed at 150kg.

e As there is no background, no historical fragmenta-
tion is taken into account.

A variant of this basic scenario has also been defined:
the idea is to simulate the case where the different orbital
planes of the same shell are separated in altitude. [13]
suggests that a 1km separation on a constellation beyond
1000 km of altitude allows to reduce significantly the in-
ternal collisions and that this gain does not really progress
from 2-3km. Such a separation of 1km has therefore been
studied here (only for constellations above 400 km). Note
that to maintain the angular separation between the differ-
ent planes of the same shell, it is necessary to play on the
inclination so that the drift due to J2 is the same according
to the formula :

.3 RN [
Q= _§J2 <a(162)> ECOSZ (1)

In practice, this produces sub-degree differences in incli-
nation. Finally, a third variant of the scenario has been
tested, without any mega-constellation, to serve as a kind
of reference case. Note that the explosions rate has been
preserved, which means that, since tens of thousands of
”small satellites” are missing, the explosions involve ob-
jects that are generally larger and therefore potentially
create more debris. The cases with and without mega-
constellations are therefore not completely equivalent as
far as explosions are concerned. In summary, there are 3
scenarios in total:

e One without mega-constellations

e One with mega-constellations without altitude sep-
aration between the orbital planes of the different
shells

e One with the mega-constellations and 1km of sepa-
ration

3.2. Results

The mean over Monte Carlo of the populations below
10cm and total as a function of time is given in Fig. 19,
which allows us to see that the former constitutes the vast
majority of the latter at all times. It is also important to
note that the dispersion in relative values is particularly
large (see final distributions in Fig. 20). To better capture
it, 100 simulations rather than 50 were performed. De-
pending on the occurrences, there can be a factor of two
on the number of objects (when there are large constella-
tions), or even four (when there are none). Moreover, the

worst case without constellations is above the best case
with.

The two simulations with large constellations present a
very similar trend: unless explicitly stated, further com-
ments concerning large constellations will therefore ap-
ply to scenarios with and without plan separation.
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Figure 19. Average size of effective LEO populations as a
function of time. Pink is scenario without constellations,
grey is with constellations and no altitude separation, yel-
low is with constellations and 1km altitude separation
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Figure 20. Distribution of the total effective LEO popu-
lation size at the end of the simulation. Inital distribution
(dotted) is not visible because population a relatively too
small, and vertical bars represent the means

A detail in three categories is given on the Fig. 21 : intact,
large debris and small debris (all new by construction of
the scenario). It helps to clearly discriminate the period
of solar activity from the period of constellation deploy-
ment.
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Figure 21. Object counts by category. Dotted lines are
new debris frome collisions, plain lines are all new debris

For the case without constellations, during the first ten
years almost all objects are active: they do not explode
and avoid collisions. Then explosions start to occur and
the number of debris rises. Collisions appear a little later
and after 50 years, they represent a little less than 50%
of the debris in orbit. The number of fragments in orbit



increases in time-average following a pseudo-periodicity
due to the solar activity. Indeed, the density at low alti-
tude oscillates, as can be seen on Fig. 22.
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Figure 22. Averages in 2064 (dotted) and 2068 (dashed)
of the LEO spatial densities of the fragments without con-
stellations

Regarding the mega-constellations, at each (re-) deploy-
ment of the shells there is a peak in the number of in-
tact objects, since more than 10000 active satellites are
launched in a few years. During the first ten years, which
corresponds roughly to the deployment and mission of
the first generation, the debris situation is pretty stable
and similar to the one without constellation because the
objects are active. The first fragments are due to ex-
plosions, but they are quickly dominated by the conse-
quences of collisions. The average accumulation of the
latter (Fig. 23) seems to indicate a slight oscillation (even
more visible for non-catastrophic cases, and also in the
no-constellation configuration), probably due to solar ac-
tivity. The long-term acceleration of the collisions oc-
currences causes a significant difference in amplitude in
the altitude distribution after 25 and 50 years (Fig. 24). In
opposition to the scenario without traffic, many collisions
do not involve small objects: 40% on average with con-
stellations (25% without). The detail of the pairs involved
is given in Tab. 2.

Two main observations arise from this:

e With altitude separation, objects in constellations
collide only slightly less with each other but also a
bit more with the rest, which explains why there is
no a significative difference between scenarios with
and without altitude separation.

e The debris generated because of the constellations
then causes collisions with the other intact objects.

By analyzing Monte Carlo runs individually, it can be
noted that an important part of the objects involved are
satellites having performed a PMD, many of them being
derelicts from the constellations. Besides, there is still
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Figure 24. Altitude distribution (catastrophic collisions).
The color code is the same as in Fig. 19

a considerable part of constellation satellites that did not
perform a PMD (those operating at an altitude already
low enough to re-enter in 25 years), and that are also in-
volved in a catastrophic collision. We can therefore think
that a 90% successful PMD for high LEO constellations,
and no deorbiting maneuver for low LEO constellations
is not sufficient to limit catastrophic collisions.

Now we can take a look at the spatial densities of effec-
tive LEO objects. This is particularly interesting because
we start with a blank environment. Fig. 25 shows effec-
tive densities of fragments in the middle and at the end of
the simulation while Fig. 26 does the same for all other
objects.

With the large-constellations, there are two local peaks
of debris density: one between 400 and 800km (which
is also the global maximum) and one between 1000 and
1200. The former is also an extremum for the Monte
Carlo without constellation. The only altitude where
fragments density without constellation exceeds the one
with them is between 1400 and 1500km, which is cer-
tainly due to explosions. The lowest fragment densities
are located at the two altitudes boundaries: especially at



Table 2. Average collision record after 50 years (without - with a small object involved))

Collision Pair Cst-cst Cst-deb Cst-RB/PL.  Deb-RB/PLL.  Deb-deb RB/PL-RB/PL  Others Total
1km 13.2-0. 2.0-18.2 14.5-0. 2.2 -36. 0.1-0.5 4.1-0. 1.9-14  38.-56.
Okm 13.8-0. 1.4-18. 13.2-0. 2.1 -34. 0.1-0.3 4.1-0. 1.9-14 36.6-53.8
Without const. 0. - 0. 0.-0. 0.-0. 0.9-16.9 0.-0.1 4.2-0. 0.8-0.6 59-17.6

low altitudes because of atmospheric drag but also at high
altitudes because of the low launches density there. When
there are no constellations, fragments density exceeds
those of intact objects everywhere. This is not always the
case with large-constellations, especially at shells below
400 km and those above 1000.
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3.3. Conclusion

Simulations based on a non-existent background and
modeling objects down to 1cm have been performed. By
nature, the population can only increase from the initial
date. Assumptions include collision avoidance of 100%
with objects larger than 10 cm and compliance with PMD
recommendations in 25 years of 90%. No ADR is per-
formed. Outside of constellations, launches are gradually
increasing (up to 50% in 50 years) from the 2005-2013
baseline.

These Monte Carlo campaigns show that:

e Without large-constellations, within the “sink &
source” among the debris, explosions largely out-
number re-entries and collisions in the mid-term,
even if the latter are accelerating. The fragments
thus created quickly increase to tens of thousands,
forming the major part of the total population.

e With large-constellations, explosions dominate at
the very beginning, but very quickly fragments cre-
ated by collisions dominates the environment. The
average number of debris is almost 100000 (all ori-
gins) at the end, more than twice as much as without
constellations.

e A 1 km altitude separation of shells orbital planes
does not seems to have significant beneficial effect
when compared to no-altitude separation.

The deployment and maintenance of several generations
of large-constellations above 500 km strongly exacer-
bates the problem in LEO. Since satellites below 800km
in particular do not need to maneuver in order to re-enter
in 25 years, increasing the compliance rate does not seem
promising.

On the contrary, shortening the maximum deorbiting
time, for example by dividing it by two, would reduce
in the same proportion the time spent by many derelict
objects to slowly lose altitude and could thus have a ben-
eficial impact on the orbital situation after several gener-
ations. This would also force satellites on lower orbits to
maneuver at the end of their mission.



Some additional simulation perspectives to go further:

e Analyse further how the fragmentation rate in the
scenario without constellation impact the long term
simulation when compared to the large constellation
simulations.

e Analyse further the influence of constellations be-
low 600Km in the collisional process.

4. CONCLUSION OF THIS STUDY

In this paper we have pointed out the importance of taking
into account small debris which are not yet observable by
current means, i.e. debris between 1cm and 10cm. These
contribute to more than 85% of the collisions modeled
in our study. More generally, the use of fragmentation
model has to be done with care to avoid artificially elimi-
nating the mass of small debris because of numerical sim-
ulation parameters constraint.

Under the conditions of our first batch of simulations (no
more space exploitation), collisions with objects larger
than 1cm are not enough on their own to lead to an expo-
nential production of debris, the primary driver being the
number of explosions and the explosion-collision chain
reaction pattern.

The importance of suppressing debris production by ex-
plosions is also highlighted by the hypothetical simula-
tion, carried out in this study, involving the traffic of New
Space in an imaginary environment which has not suf-
fered the legacy of the space pioneers difficulties, that is
to say a virgin environment. These simulations show that
the actual figures related to the international guidelines
are no longer sufficient to stabilize debris growth. And
even starting the actual New Space launch traffic with no
debris and a total adherence to the actual guidelines, the
situation would be worse than today in about ten years.
The severity of this situation can fortunately be reduced
by taking into account the advantage of the atmospheric
drag below 800km that gave the opportunity to keep our
influence on the environment reversible, which is not the
case on the orbit above 900km where the human imprint
is for eternity.

ACKNOWLEDGMENTS

The authors acknowledge with gratitude the provision of
population and launch data by the ESA Space Debris Of-
fice.

REFERENCES

1. Dolado Juan Carlos, Di Costanzo Romain, Revelin
Bruno, (2013). Introducing MEDEE - A new Orbital
Debris Evolutionary Model, 6th European Conference
on Space Debris

2. Dolado-Perez J.C., Pardini C., Anselmo, L., (2015).
Review of Sources of Uncertainty Affecting the Long-
Term Predictions of Space Debris Evolutionary Mod-
els. Acta Astronautica, vol. 113, August-September
2015, pp. 51 —65.

3. H. Fraysse et al,.STELA a tool for long term or-
bit propagation, (2012), Proceedings of the Inter-
national Conference on Astrodynamics Tools and
Techniques,ESA-ESTEC.

4. Aleksander Lidtke, Hugh Lewis and Roberto
Armellin, (2017). Statistical analysis of the inherent
variability in the results of evolutionary debris models,
Advances in Space Research, 59(7), 1698-1714

5. Liou, J. -C.; Kessler, D. J.; Matney, M.; Stansbery, G.,
(2003), A New Approach to Evaluate Collision Proba-
bilities Among Asteroids, Comets,and Kuiper Belt Ob-
jects, 34th Annual Lunar and Planetary Science Con-
ference

6. N.L. Johnson, PH. Krisko, J.C. Liou, PD. Anz-
Meador, (2001). NASA’s new breakup model of evolve
4.0, Advances in Space Research, 28, 1377-1384

7. P. Anz-Meador, (2019), Root Cause Classification of
Breakup Events 1961-2018, First International Orbital
Debris Conference

8. Dolado-Perez J.C., Alby F., (2011), Using Satellite
Vulnerability Analysis to Specify the Minimum Re-
quired Detectable Size of an Effective Space Surveil-
lance System, 5th International Association for the Ad-
vancement of Space Safety Conference, 2011 Versailles
- Paris

9. ESA Space Debris Office, (2019), ESA’s An-
nual Space Environment Report GEN-DB-LOG-00288-
OPS-SD

10. James Murray, Heather Cowardin, J.-C. Liou, Mar-
lon Sorge, Norman Fitz-Coy, and Tom Huynh, (2019),
Analysis of the DebriSat Fragments and Comparison to
the NASA Standard Satellite Breakup Model, First In-
ternational Orbital Debris Conference

11. H.Stokes, Y.Akahoshi, C.Bonnal, R.Destefanis,
Y.Gu, A.Kato, A.Kutomanov, A.LaCroix, S.Lemmens,
A.Lohvynenko, D.Oltrogge, P.Omaly, J.Opiela,
H.Quan, K.Sato, M.Sorge, M.Tang, (2020), Evolution
of ISO’s space debris mitigation standards, Journal of
Space Safety Engineering, 7(3), 325-331

12. U.S. Government, (2019), Orbital Debris Mitigation
Standard Practices, November 2019 Update

13. Lewis H.G., Maclay T., Sheehan JP., Lindsay M,
(2019), Long-Term Environmental Effects of Deploy-

ing the OneWeb Satellite Constellation,70th Interna-
tional Astronautical Congress



	Method
	The MEDEE evolutionary model
	Simulation cases

	No traffic evolution
	Long-term evolution of objects > 10cm
	Evaluation of the lost mass
	One explosion per year
	Three explosions per year
	One explosion per month

	Propagations with small objects
	Hypothesis
	Results


	No background evolution
	Hypothesis
	Results
	Conclusion

	Conclusion of this study

