Space environment investigation using a space debris index
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Abstract

The sustainability of the space around the Earth is becoming an increasingly important issue in the space sector.
Indeed, given the introduction of large constellations that place many satellites in specific orbital regions and the
occurrence of breakup events (e.g., the CZ-6A breakup occurred on the 127 of November 2022) that increase the
background population of inactive (and hence potentially dangerous) objects, new mitigation policies and careful
mission design (with special focus to end-of-life strategies) are essential. Parallel to this, several risk metrics are
being developed to assess the impact of missions on the space environment, each of which seeks to capture the main
elements influencing it. The results of this type of investigation could improve current mitigation guidelines.

In this work, the impact that already in-orbit satellites have on the space environment is evaluated using the THEMIS
software tool, developed at Politecnico di Milano in collaboration with Deimos Space within a project funded by
the European Space Agency. The model investigates the likelihood and associated effects of fragmentations of the
satellite(s) during each phase of a generic mission, selecting specific study parameters based on the orbital region of
interest. The work focuses on the investigation of the large constellations, capturing the influence they have (and will
have in the future) on the space environment.
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1. Introduction within a project funded by the European Space Agency.

Two modes are available in THEMIS:

The short and long term sustainability of the space
is becoming a priority in the space sector. The num-
ber of launches, the number of satellites and the num-
ber of space debris is increasing rapidly in the recent
years, threatening the future stability of the space en-
vironment. Thus, it is essential to define world wide
mitigation rules to regulate the evolution of the space
population. Several risk metrics [1] [2] [3] [4] [5] [6]
are being developed to assess the impact of missions on
the space environment and the space carrying capacity,
each of which seeks to capture the main elements influ-
encing it.

In this context, the THEMIS (Track the Health of the
Environment and Missions in Space) tool [7] is under
developed by Politecnico di Milano and Deimos UK

- the space debris mode, to assess the impact (here
called “’space debris index”) of a space mission on
the space environment

- the capacity mode, to determine the share of space
capacity used by the mission under analysis

The model investigates the likelihood and the asso-
ciated effects of fragmentation of the satellite(s) during
each phase of a mission. Te computation is performed
selecting specific study parameters based on the orbital
region of interest, and knowing the mission profile, the
spacecraft characteristics, the orbit characterisation and
operational aspects (e.g., the collision avoidance ma-
noeuvre efficacy, the post mission disposal capabilities
and reliability). The tool will be freely available via a
Web User Interface (WUI) to raise awareness and en-
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courage the whole Space community to pursue sustain-
able practices.
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In this work, THEMIS is used to investigate the influ-
ence of large constellations on the space environment.
The deployment of such a large number of objects is
a challenge and represents a change in the way space
around the Earth is used. It is thus necessary to un-
derstand the interaction between the constellations, the
already in-orbit population of satellites and the back-
ground population of space debris. This is investigated
in this work by analysing the effects of fragmentations,
considering as study parameters the size of the constel-
lation (number of deployed satellites) and its location
(in terms of semi-major axis and inclination).

The paper is organised as follows. Section 2 describes
the main workflow of the computation of the THEMIS
index, Section 3 describes the evolution of the space en-
vironment studying the deployment of a large constella-
tion, while Section 4 presents the main results in terms
of space debris index. Section 5 summarises the main
conclusions and future works.

2. THEMIS environmental index

The THEMIS environmental index follows the for-
mulation of the Environmental Consequences of Orbital
Breakups (ECOB) index [2] and is defined as a risk indi-
cator. The metric includes a probability term (p), which
quantifies the collision probability due to the space de-
bris background population and the explosion probabil-
ity of the analysed object, and a severity term (e), asso-
ciated to the effects of the fragmentation of the analysed
object on the population of objects orbiting around the
Earth. The evaluation is performed along the entire life-
time of a mission as
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where [ is the index at each epoch, 7, is the starting
epoch, tgor is the epoch at which the operational phase
ends, f.,4 is the epoch at which the objects is re-entered,
and « is the Post Mission Disposal (PMD) reliability
(set between 0 and 1). The first term is associated to a
generic phase of the mission (e.g., operational phase),
while the second term refers to PMD phase, taking also
into account a non-successful re-entry.
Then, at each epoch the index is computed as

I=p.-e +p.-e. ()

where p, is the collision probability, p, is the explo-
sion probability, e, is the effect of collision, and e, is
the effect of explosion. Each of these components will
be briefly described in the following paragraphs.
The tool also takes into account Callision Avoidance
Manouver (CAM) capabilities for active objects. When-
ever this information is available, the index at each
epoch is computed as follows

I®) =B Icam(®) + (1 =) - Lno—cam(t) 3)

where Iy is the index at a single epoch when CAM
capabilities are considered, I,,,—ca is the index at a sin-
gle epoch when no-CAM capabilities are considered,
and S is the CAM efficacy that can either be set between
0 and 1 by the user, or can be computed using the ESA
ARES tool. In the latter case, the fractional risk reduc-
tion is considered as a measure of the efficacy of the
avoidance strategy [8].

2.1. Collision probability

A flux-based model of the background space debris
population and an analogy with the kinetic gas theory
[9] are used to evaluate the collision probability (p.) as

pt)=1- e $AcAn @

with ¢ the average flux of space debris in 1/m?/years,
A, the cross-sectional area of the object in m?, and At
the time span considered in year. The distribution of
the debris flux and the average impact velocity are col-
lected from the ESA MASTER 8 on a grid in Keplerian
orbital elements. The latter are selected depending on
the orbital region under analysis. For the Low Earth Or-
bit (LEO) region, semi-major axis and inclination are
considered as study parameters.

2.2. Explosion probability

The explosion probability (p.) is estimated from
historical fragmentation data stored in ESA DISCOS
database [10]. The computation is performed on spe-
cific fragmentation event types (accidental, propulsion,
electrical, and unknown events) and object classes (Pay-
load and Rocket Body). The latter are subdivided in
families to identify objects more prone to fragmenta-
tion.

In this work, the Kaplan-Meyer estimator [11] is used
to estimate the survival rate as
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where ¢; is the time when at least one explosion hap-
pened, d; the number of explosions at time #;, and n; the
survived objects up to time ¢;; the probability of explo-
sion is evaluated as

pe=1-58() (6)

2.3. Fragmentation effect

The collision (e.) and explosion (e,) effect terms are
computed through two main steps.
The first step of the procedure requires the definition of
reference targets, representative of the entire population
of active satellites. The physical properties and orbital
characteristics of the satellites are collected from ESA
DISCOS database. The definition is performed, as for
the collision probability, on a grid in Keplerian orbital
elements. As this study focuses on the LEO region, the
grid is defined on a semi-major axis (25 km step) and in-
clination (5°) grid. The cumulative cross-sectional area
in each bin of the grid is computed and a target is identi-
fied in the cells containing up to 90% of the total cross-
sectional area of the population.
The second step consists in evaluating the effect of frag-
mentation on the reference targets. This is done by
generating a fragmentation (either a collision or an ex-
plosion) in each bin of the grid using the NASA stan-
dard breakup model [12] (reformulated in a probabilis-
tic manner [13]), by propagating the generated cloud
of fragments using a continuum approach [14], and
by evaluating the cumulative collision probability over
time between the fragments and all the reference targets.
The latter is computed over a timespan of 15 years as
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with A,,, the overall spacecraft’s’ cross-section in m?,

A, the cumulative cross-section in m? of the objects be-
longing to the j-th bin, and p, the collision probability.
Three different maps are generated with this process:
one for the catastrophic collision (collision effects map),
one for the explosion of a payload (payload explosion
effects map), and one for the explosion of a rocket body
(rocket body explosion effects map).

3. Deployment of large constellation

The first goal of this work is to investigate the influ-
ence of large constellations on the populations of ob-
jects already in orbit, especially those active. In this
view, a sensitivity analysis on the fragmentation effects

term of the index is performed.
The study can be divided into two parts:

1 the analysis of the impact of a single large constel-
lation during its deployment phase

2 the analysis of the impact of the location of the
constellation (in terms of semi-major axis and in-
clination) when fully deployed

The following Sections describe the main results.

3.1. Constellation deployment

The first study is devoted to the examination of the
effects maps generated during the deployment of a large
constellation. During this phase of the mission, the
number of satellites of the constellation will grow and
many new satellites will be put in the same semi-major
axis and inclination region. The orbital elements of
the constellation are inspired from already in orbit or
planned missions, taking the data from [15]. Table 1
summarises the main information about the constella-
tion under investigation.

h [km] 1200

i[deg] 89.7
mass [kg] 200
area [m?] 5

Table 1: Constellations location.

The constellation is considered to be deployed in 4

years, placing 30 new satellites every month. In total,
the constellation will have 1440 satellites.
As described in Section 2.3, a set of reference targets
is needed to generate the effects maps. Here, the core
population is composed by all the active satellites in or-
bit on 1st January 2023, by removing the Starlink and
OneWeb constellations, in such a way as to have a set
of objects without large constellations. In this way, the
first map is generated and it is shown in Figure 1, where
the targets (the red dots in the picture) where generated
with this base population.

Two peaks can be identified: a first one at low altitude
(around 800 km) and the in sun-synchronous orbit re-
gion, and a second one at a higher altitude (around 1400
km). The former is due to the high number of objects
orbiting in the sun-synchronous region, while the latter
is generated because of the presence of a small constel-
lation (Globalstar). Note that the peaks are symmetric
with respect to the 90° inclination with respect to the
location of the representative targets. However, also the
target regions are characterised by smaller local peaks.
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Figure 1: Payload explosion effects map evolution with the deploy-
ment of the constellation — without large constellation

Then, new populations of active objects are generated
by adding each year 360 satellites in the location of the
constellation, and the maps are generated accordingly.
The results are shown from Figure 2 to Figure 5.
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Figure 2: Payload explosion effects map evolution with the deploy-
ment of the constellation — 1 year (360 satellites).

In Figure 2, two important changes are found: the
disappearance of some reference targets, and the ap-
pearance of a "third vertical band” in terms of effect at
the constellation altitude. This behaviour is repeated in
all the new maps, where the value of the maximum peak
tends to move towards the region of the constellation
and to increase in absolute value. This is connected to
the change of the reference targets, as the shape of the
map and the location of the peak values is connected to
the collision probability between fragments generated
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Figure 3: Payload explosion effects map evolution with the deploy-
ment of the constellation — 2 years (720 satellites).

in the bins and the targets; hence, if new targets appear
or disappear, the map will change accordingly. It is
also important to note that in this case, the effects peak
value is in the same semi-major axis and inclination
position of the constellation. This because the target of
the constellation is generated at 90°, which represent a
special case as it will be possible to observe in Section
3.2.

3.2. Constellation orbit location

In addition to the number of objects and the physi-
cal properties of the satellite, the position of the con-
stellation (in terms of semi-major axis and inclination)
also plays an important role. Indeed, placing a single or
many satellites in a specific region of the space can have
a significant effect on the space environment. This can
be seen by looking at the results of this second analysis.
The same constellation (in terms of number of satellites
and physical properties) is used, but four possible loca-
tions (in terms of semi-major axis and inclination) are
considered. The orbital parameters are again taken from
information of already in orbit or planned missions [15],
and the values for each case are listed in Table 2. The
regions have been selected to have three cases at about
the same mean-altitude but different inclination, and one
case with a different mean-altitude.

The results are show in Figure 6, Figure 7, Figure 8,
and 9.

As expected, the peak in terms of fragmentation ef-
fect moves together with the position of the target gen-
erated by the constellation. In addition, looking at all
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Figure 4: Payload explosion effects map evolution with the deploy-
ment of the constellation — 3 years (1080 satellites).

Cl1 C2 C3 C4
h[km] 1200 1150 1145 830

i[deg] 89.7 55 30 55

Table 2: Constellations orbit location.

the maps, it is possible to observe that the peak is sym-
metric with respect to the 90° inclination with respect to
the location of the representative targets. This behaviour
could suggest that adding new satellites in an already
crowded region does not pose a threat to other satellites.
However, a second peak (smaller than the other one) is
always generated in the region of the target, and thus
the inclusion of a large number of objects would also
increase that peak.

Another interesting result is the change in the peak ab-
solute value. Looking at Figure 6, Figure 7 and Figure 8§,
the peak value increase as the orbit inclination decrease.
This is partially associated to the higher impact velocity
between objects in retrograde-prograde (and vice-versa)
orbits. The latter will characterise fragmentation with a
higher energy and thus a greater number of generated
objects (hence a higher effect on the environment). This
result highlights how the design of the constellation, in
particular its location around the Earth, not only poses
a risk in neighbouring areas but also in other specific
areas that are related to each other by the dynamics of
celestial bodies.

4. Evolution of the total index

This section is dedicated to the results of the compu-
tation of the THEMIS index over several objects. The
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Figure 5: Payload explosion effects map evolution with the deploy-
ment of the constellation — 4 years (1440 satellites).
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Figure 6: Payload explosion effects maps according to the location of
the constellation - C1.

goal, as in Section 3.1, is to capture the evolution of the
index following the deployment of a constellation, con-
sidering a feedback-like effect through the update of the
effect maps when introducing new satellites. The large
constellation considered is the one analysed in Section
3.1, whose characteristics are listed in Table 1. The
fragmentation effects maps shown in previous sections
are used here for the computation of the index.

The debris index is computed for

1812 Inactive Payloads

2278 Active Payloads
- 918 Rocket Bodies

1440 Satellites of the constellation (total)
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Figure 7: Payload explosion effects maps according to the location of
the constellation - C2.
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Figure 8: Payload explosion effects maps according to the location of
the constellation - C3.

whose physical properties and orbital information are
retrieved from ESA DISCOS database. A single mis-
sion phase, that is a natural decay, is considered for in-
active payloads and rocket bodies. The evolution of the
orbital elements is computed using a King-Hele model
[16] for the re-entry propagation. Instead, for all the ac-
tive objects two mission phases are defined. First, an
operational orbit is defined, whose lifetime is estimated
as

lifetime =8~ (Yan - yl) (8)

where y,, is the year of the analysis, and y; is the
launch year of the satellite. If the lifetime is less than
1 year, 1 year is considered. Then, for the end-of-
life phase, the King-Hele model is used to estimate the
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Figure 9: Payload explosion effects maps according to the location of
the constellation - C4.

mean-altitude (assuming a circular orbit) that allows the
re-entry in less than 25 years with the area-to-mass of
the satellite. This altitude is the one considered at the
beginning of the end-of-life phase of the active satel-
lites mission.

The computation of the THEMIS index is preformed
during the deployment of the constellation, with a snap-
shot of 1 year, including each time the new satellites of
the constellation that have been put in orbit.

Figure 10 shows the results when large constellations
are not included. The figure displays the index with
circles (where the marker size is proportional to the
value of the index) on a semi-major axis inclination grid
where each object is located considering their its origi-
nal orbital elements. As with the effects maps, the sun-
synchronous region at about 800 km groups objects with
the highest index value.
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Figure 10: Index value for objects in LEO over time - without large
constellation.



Moreover, Figure 11 shows that the rocket bodies, de-
spite being the minority, account for most of the total
index (more that 70%), while active payloads the small-
est. This is because, on the one hand they are inactive
(thus no CAM can be performed), typically with an high
cross-sectional area (higher collision probability), and
perform a slower re-entry with respect to active objects
which can perform powered end-of-life.

Rocket Body
wes Inactive Payload
mmm Active Pyaload

79.9% Constellation

Figure 11: Distribution of the total index among object categories —
without constellation.

After introducing half of the constellation (i.e., after 2
years with 720 satellites), the index is computed again.
The results are shown in Figure 12 and Figure 13. In
Figure 12 one can immediately notice the appearance
of a new circle (in yellow) representing the index of the
constellation, while in Figure 13 it can be observed that
the share of the index of the constellation is almost equal
to the one of the aggregated inactive objects (and much
higher than that of active payloads). This result is a di-
rect consequence of the change in the effects map. In-
deed, the peak in terms of fragmentation effect is mov-
ing in the region of the constellation (see Figure 1 and
Figure 3) increasing its impact for satellites in the con-
stellation region and lowering that associated to the ob-
jects in other region.

The behaviour just described is much more evident
when the constellation is fully deployed (Figure 14 and
Figure 15). Indeed, the share of the constellation alone
exceeds that of all the other satellites (both active and
inactive) aggregated.

5. Conclusion

The sustainability of the space around the Earth is be-
coming an increasingly important issue in the space sec-
tor. The large increase in the number of uncontrollable
objects (e.g., space debris) and active satellites is going
to change the population of the objects orbiting around
the Earth and threatens the future stability of the space.
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Figure 12: Index value for objects in LEO over time — constellation
half deployed.
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Figure 13: Distribution of the total index among object categories —
constellation half deployed.

This work was devoted to the analysis of large constel-
lation, highlighting their potential effects on the pop-
ulation of objects already in orbit. This type of mis-
sion architecture will for sure bring benefits. However,
their design must be properly executed and looking at
the long-term sustainability of the space.

The results showed that the mission design parameters
of a generic constellation make a difference to their po-
tential influence. Indeed, their deployment will account
for a large part of the capacity share (as can be deduced
from the results in Section 4). Moreover, they can gen-
erate area at risk both in the region of the space where
they are located, but also in other regions (mainly in
terms of orbit inclination), thus influencing the selec-
tion of the location of future mission.

Thus, it is essential to define properly mitigation rules
and to think about the space as resource to be managed,
using tool like the one presented in this work (which
will be open to the whole space community) or other
formulations defined to characterise the capacity of the
space environment, to have a sustainable future evolu-
tion of the space environment around the Earth.
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