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ARTICLE INFO ABSTRACT
Keywords: The increasing number of Cislunar missions in recent decades, driven by Moon’s economic, scientific, military,
Cislunar space and commercial potential, has increased concerns about collision threats, and the widespread proliferation of

Fragmentation events

Space debris

Space Surveillance and Tracking
Space-based observations

debris. To safeguard future missions and infrastructure, a robust Space Traffic Management system is essential.
However, current sensor capabilities are insufficient for large-scale Cislunar Space Situational Awareness,
leaving a critical observational gap in this appealing region. Currently, a constellation of space-based passive
optical sensors, strategically positioned to cover key areas, remains the only viable solution. While previous
studies explored the observational capabilities of various Cislunar orbits for tracking individual objects on
specific trajectories, none systematically analyzed their effectiveness in monitoring debris clouds generated by
collision events. This study addresses this gap by assessing the observational potential of key Cislunar and
lunar orbital families in tracking debris clouds over time, offering critical insights for the sustainable planning
of future Cislunar operations.

Twenty-nine orbits from distinct orbital families are selected to host the observers, based on their stability
and SSA relevance, and eleven catastrophic collision events, spatially distributed across the region, are
simulated using the NASA Standard Breakup Model. The resulting debris are propagated within the Circular
Restricted Three-Body Problem dynamical framework over a three-month period. The possible impact threats
to the Earth, the Moon, and spacecraft in Geostationary Orbit (GEO) are assessed, as well as the observers’
performance in tracking the debris.

Results indicate moderate risks to the two celestial bodies but no significant threats to GEO belt assets.
The L2 Halo orbit family emerges as the most effective for long-term debris monitoring, achieving the highest
performance when integrated into a constellation with small Lyapunov, Distant Retrograde, and Elliptical
Lunar Orbits. Notably, the primary factors limiting fragment detectability include the vast spatial extent of the
Cislunar region and occasional obstructions by celestial bodies.

1. Introduction mitigation becomes critical, necessitating precise, real-time tracking of

objects through a robust Space Traffic Management (STM) framework.

Currently, over one hundred missions targeting the Moon and its
surroundings are either planned or underway, driven by goals such
as exploiting lunar resources, establishing long-term lunar habitats,
and constructing deep-space infrastructure like NASA’s Gateway [1-3].
An increased orbital traffic is therefore expected, raising concerns
about fragmentation events and widespread debris proliferation within
the complex and chaotic orbital environment of Cislunar space. As
previous studies have warned [4-7], such debris threatens not only
lunar missions but also Near-Earth assets. Consequently, effective risk

However, current Earth-based surveillance capabilities remain in-
sufficient for large-scale monitoring of Cislunar space, leaving a sig-
nificant and dangerous opening [2,8]. Currently, a constellation of
strategically positioned passive optical sensors, on optimized Cislunar
orbits for Space Situational Awareness (SSA), is the only promising
solution.

Furthermore, in Earth-centered orbital regimes, fragmentation is a
well-established issue that has been addressed through both scientific
research and operational measures, particularly within the framework
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of Space Surveillance and Tracking (SST) services [9-17]. These efforts
underline the importance of a deeper understanding of how fragments
are generated and evolve, even in the vast Cislunar environment.
Such knowledge is essential for developing more efficient and accu-
rate tracking models, with increasing implications for the operational
management of space assets and the long-term sustainability of space
activities.

Although prior studies have investigated the observability of indi-
vidual targets within Cislunar orbital families [8,18-28], a critical gap
remains in correlating fragmentation events and debris propagation to
observational capabilities.

This study contributes to closing this gap by evaluating the observa-
tional potential of key orbital families in detecting debris generated by
eleven catastrophic Cislunar collisions, as well as assessing the threat
posed to celestial bodies and active assets in Geostationary Earth Orbits
(GEO).

A total of twenty-nine observer orbits from a range of Cislunar
periodic families within the Circular Restricted Three-Body Problem
(CR3BP) and lunar orbits, are selected. These orbits were chosen based
on criteria such as dynamical stability, scientific value, SSA relevance,
and their capacity to provide comprehensive regional coverage [2,
3,7,22,29-36]. The capability of these observer orbits to detect the
evolution of debris within CR3BP dynamics over a three-month period
is evaluated, both individually and within constellation configurations
of up to ten collaborative observers.

The structure of this paper is organized as follows. Section 2 outlines
the methodology employed for characterizing fragmentation, propagat-
ing debris and assessing observability. Section 3 describes the develop-
ment of the test case, including the foundational assumptions, design
considerations, and selection criteria. Section 4 presents a detailed
analysis of the simulation results.

2. Methodology

This section presents an overview of the key metrics employed
in this study, with particular emphasis on the mathematical models
used to simulate fragmentation events (Section 2.1), propagate debris
trajectories (Section 2.2), and model sensor detections (Section 2.3),
thereby enabling the evaluation of space object observability over time.

2.1. Collision events model

The NASA Standard breakup Model (SBM), implemented in EVOLVE
4.0 and developed by Johnson and Krisko [37], is a stochastic model
grounded in empirical data derived from space surveillance catalogues
and ground-based experiments dating back to the early 1980s. The SBM
characterizes debris clouds generated by fragmentation events by pro-
viding statistical distributions for fragment mass, velocity, area-to-mass
ratio, and characteristic length.

The model simulates two distinct types of fragmentation events:
collisions and explosions. Collisions are further categorized as either
catastrophic or non-catastrophic based on the impact energy per unit
target mass. A threshold of 40 J/g is used to distinguish between
these categories, with collisions falling below this threshold classified
as non-catastrophic. For collision scenarios, the fragment assignment to
parent bodies follows the methodology proposed by Schuhmacher [38].
Initially, fragments exceeding the size of the projectile are attributed
to the target. Subsequently, for the remaining fragments, assignment
is determined by considering the relative masses of the parent bodies,
normalized to the total fragment mass output of the simulation.

Following the fragment assignment, the final velocity of each frag-
ment is computed by summing the velocity of the respective parent
body with the delta-V derived from the SBM statistical distribution.
Instead, the fragment position vector is set equal to that of the parent
at the instant of the breakup.
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2.2. Circular Restricted three body problem

Cislunar space is defined as the region influenced by the gravita-
tional forces of both the Earth and the Moon [2]. The most suitable
and simple dynamical model for describing the motion of a spacecraft
or fragment within this region, subject to these gravitational forces, is
the CR3BP. In this formulation, the two primary bodies, denoted as P,
(Earth) and P, (Moon), follow circular, coplanar orbits around their
common center of mass, while a third body, P; (spacecraft or frag-
ment), assumed to have negligible mass, moves under their combined
gravitational influence.

The CR3BP employs a rotating, non-dimensional Synodic reference
frame centered at the system barycenter. Within this frame, the primary
bodies remain stationary along the x-axis, allowing the derivation of the
equations of motion for the third body P;s:

i-2y=2
J+2% = % 1
s _ oU

T bz
where U is the potential function expressed by:

1-—
v=tedepy e LA B )
2 r r

Here, r, and r, represent the distances between the third body (P;) and
the two primary bodies (P, and P,) respectively:

ro= [k )P+ 9P + 2 ®)

r= M= 14+ y2 + 223 “@

The parameter u m,/(m; + m,) represents the system mass
parameter. For the Earth-Moon system, y is approximately 0.01215.

The CR3BP constitutes a conservative, time-invariant dynamical
system that admits only one integral of motion, the Jacobi Constant

JC):

JC=2U-0*=2U-%*-3* -2 (5)

where U represents the potential energy, and v is the velocity of the
third body, expressed as the norm. This key parameter plays a pivotal
role in classifying admissible orbits within the CR3BP.

Within the Synodic reference frame, five equilibrium points, known
as Lagrange Points, exist. Around these points, a variety of relevant
periodic closed orbits, repeating over a constant period and grouped
into families, can be found [29]. Particular focus is posed on the more
stable ones, as they require lower station-keeping efforts and reduce
long-term mission costs. The stability of periodic orbits is evaluated
using a Stability Index v, defined from the Monodromy Matrix (MM)
[29]. The MM corresponds to the State Transition Matrix @, evaluated
over one complete orbital period, with the Stability Index defined as:

1 1

Vi= (llmaxl + | ) (6)

2

D, vp>1
max

where 1,,,, is the Monodromy Matrix eigenvalue of maximum modulus.
Orbits with a stability index of 1 are considered stable, whereas those
with significantly larger indices exhibit increasing instability.

Within these families, certain orbits are particularly well-suited
for scientific missions and SSA applications [1,29,39,40]. Of particu-
lar interest are the stable three-dimensional Halo orbits [4,7,35] and
Near-Rectilinear Halo Orbits (NRHOs), which have garnered significant
attention due to their favorable dynamical stability and accessibility to
the Moon. Notably, an L, NRHO has been selected for both the CAP-
STONE mission [41] and the planned Lunar Orbital Platform-Gateway
[3]. Equally important are the Distant Retrograde Orbits (DROs), which
offer long-term dynamical stability and have been employed in various
mission profiles, including Artemis I and China’s Chang’e 5 mission
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[35,36]. In addition, two-dimensional periodic Lyapunov orbits asso-
ciated with the Earth-Moon L; and L, Lagrange points [2,8,22], as
well as short-period orbits around L, and Ls [2,7,8], are noteworthy.
These orbits, which revolve around their respective Lagrange points,
are of particular interest for observational platforms aimed at monitor-
ing these dynamically significant and often underexplored regions of
Cislunar space.

2.3. Observability and detectability model

The methodology described in [22] is used to assess the capability of
space-based optical sensors to detect a target, specifically the fragments
in this study, within the Cislunar region. A target is considered visible
from a space-based sensor if its apparent visual magnitude is less than
20, and if the angular separation between the observer-target vector
and the target-celestial body vector exceeds the following thresholds:
50° for the Sun, 35° for the Earth, and 30° for the Moon. These criteria
ensure that the target remains within an optimally illuminated and
unobstructed field of view.

The apparent magnitude of the space object is determined using the
following equation:

sc

(7)

mags. = magg,, — 25 10glO
sun

where mag,,, represents the Sun apparent reference magnitude, I, is
the irradiance of the spacecraft, and I, is the reference irradiance of
the Sun. Both the target fragments and the observing spacecraft are
modeled as Lambertian spheres with a reflection coefficient of 0.5 [22].
The lower the magnitude, the greater is the capacity of an observer
to detect the target fragment. The irradiance reflected by the target is
given by:

1

sun

2C .
W 3 ”—;rz(sm a+ (r —a)cosa)
sc—obs ~

= @®)
where r represents the fragment characteristic dimension, C; is the
diffuse reflection coefficient, « is the phase angle between the Sun and
the observer as viewed from the target and r,._;,, denotes the distance
vector between the target and the observer, expressed in the J2000
reference frame.

3. Test cases design

To evaluate the capability of space-based optical sensors to detect
fragments within the Cislunar region, it is necessary to identify and
select relevant orbits. Key locations for current and future missions
include the periodic families within the CR3BP, regarded to be at higher
risk for potential catastrophic fragmentation events [1-4,7,33,35,36].
Moreover, these orbits, owing to their periodicity, low station-keeping
costs, and extensive coverage of the Cislunar region, further represent
the most promising candidates for the establishment of a Cislunar SSA
constellation [1,2,4,7,8,18,21,22,33].

Thus, nine families of periodic orbits are selected for potential
Cislunar observation: DRO, L4 Planar, L5 Planar, L1 Lyapunov, L1
Northern Halo, L1 Southern Halo, L2 Lyapunov, L2 Northern Halo, and
L2 Southern Halo.

Although several of these orbits (specifically, the L2 Halo and
NRHO [4,6], the DRO [4], and the L2 Lyapunov orbit [5]) have previ-
ously been examined in explosion-cases studies, due to their particular
significance for upcoming scientific and SSA missions, they are also
considered in this study. This choice allows a focused examination of
the differences in outcomes associated with distinct types of fragmen-
tation events, hence contributing to and extending the existing body of
literature.

A total of eleven collision scenarios are simulated across ten orbits
within these families. A single collision is simulated for each family,
with the exception of the Halos, which include an additional collision
on the LUMIQ’s orbit [42]. Moreover, an additional simulation is
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Fig. 1. Collisions locations (empty circles) and observers initial positions
(asterisks) on planar orbits in Synodic reference frame — Plane x-y view.

opportunely performed on the larger DRO, which presents the closest
Earth approach among the orbits considered in this study, to further
investigate the potential threats associated with near-Earth fragmen-
tation events. To characterize the collisions, the NASA SBM model is
employed, validated, and used to model the resulting debris [5].

For computational efficiency, all collisions are treated as catas-
trophic events [37]. To ensure consistency when comparing final re-
sults, collisions between the two same spacecraft (with masses re-
spectively of 550 kg and 682 kg), occurring on the 1 January 2000
at 12:00:00.000 UTC, are replicated over eleven different locations,
varying only the impact velocity of the two colliding bodies. This
approach is supported by the findings of Black and Frueh [5], which
emphasize the significant influence of the parent’s orbit and initial state
on the evolution of debris fragments. Therefore, selecting a consistent
collision scenario across varying orbital environments allows for an
isolated assessment of the influence of orbital location and kinematics
on fragmentation outcomes.

Each catastrophic collision generates 1074 fragments. This number
is directly retrieved from the SBM [371: N(L.) = 0.1 - (m; + my)®7> .
L7171 N(L,) denotes the number of fragments with a characteristic
length greater than L., and m; and m, represent the masses of the
two colliding bodies. The minimum fragment size considered L, in this
model is set to 10 c¢cm, in accordance with Johnson recommendation
[37], as the model has been validated only for particles exceeding
this threshold. The fragments are then propagated in the CR3BP for
three months. Given the large scale of the simulations and the study
focus on a broad characterization of debris behavior, this dynamical
model was selected in spite of higher-fidelity ones for its computational
efficiency and ability to provide a sufficiently accurate approximation
over the timespan considered. The resulting debris are then filtered
by discarding fragments with unrealistically high velocities, avoiding
non-physical behaviors from the analysis. Indeed, due to its simpli-
fied assumptions about energy distribution, fragmentation mechanics,
material properties, and object strength, the model may overestimate
fragment velocities, requiring a further control.

For each collision scenario, the parents states and impact velocities
are reported in Table 1. The collision sites, appropriately distributed
across the entire region, are illustrated in the Earth-Moon Synodic
reference frame in Figs. 1 and 2 (in the x—y plane), in Fig. 3 (in the
x-Z plane) and in Fig. 4 (in three dimensions).

For each of the nine families selected, three space-based observers
are considered, prioritizing the most stable orbits while ensuring a
range of orbital periods. This approach facilitates the development of a
comprehensive observational constellation able to cross vast regions of
Cislunar space and maintain targeted coverage of key locations, such
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Table 1
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Adimensional target and projectile states with corresponding impact velocity at collision, expressed in the Earth-Moon Synodic reference frame.

Collision ID Orbital family Position at collision

Velocity at collision Impact velocity [LU/TU]

x [LU] y [LU] z [LU] v, [LU/TU] v, [LU/TU] v, [LU/TU]
0.0100 0.4704 0
1 DRO 0.8848 0.0028 0 —0.0951 0.3648 —0.3934 0.4705
0.6601 1.1190 0
2 DRO —0.5683 —0.5006 0 0.3686 0.8275 —1.0860 1.2992
—0.4234 —0.3637 0
3 L4 Planar 0.8644 0.4553 0 _0.5486 —0.4890 _0.4667 0.5582
0.3316 0.1543 0
4 L5 Planar 0.3718 —0.7268 0 0.2495 0.0722 —0.3058 0.3657
—0.1152 —1.7080 0
5 L1 Lyapunov 0.9792 0.0013 0 -0.4993 —2.0021 _1.4314 1.7119
0 —-0.7303 —0.0015
6 L1 N Halo 0.9897 0 —0.0417 _0.1634 —0.8941 _0.6121 0.7303
0.1497 0.0441 0.2812
L1 S Hal .92 .1 -0.101 .321
7 S Halo 0-9290 01066 0-1018 0.0775 ~0.0280 0.0123 0:3216
0 —0.7441 0
8 L2 Lyapunov 1.4159 0 0 _0.1665 ~0.9110 06222 0.7441
—0.0047 -0.0131 —-0.2126
9 L2 N Halo 0.9895 —0.0032 0.1004 ~0.1003 -0.1087 _0.5687 0.4260
—0.0729 0.8007 1.1026
10 L2 S Halo 0.9881 -0.0119 —0.0032 —0.3791 0.4945 —0.0384 1.3646
0.0066 0.3100 —0.0565
11 L2 S Halo 1.0690 0.0245 0.0689 —0.0641 0.2393 —0.3201 0.3152
o2 Earth L5 Planar Family 0.3 *  Moon
—— L1 Lyapunov Family *  Lagrange points
*  Lagrange points L2 Lyapunov Family L1 Northern Halo Family
0.15 i Famiy 5 Coliions e stee L1 Southern Halo Famiy
L2 Northern Halo Family
L2 Southern Halo Family
0.2 *  Observers initial positions
0.1 O Collisions initial states
0.05
0.1F b
=) ®
2 o
> —
=} |
0.05 = 0r . it :
N
o]
-0.1
0.1 p
-0.15
K | |
0 20.8 0.85 0.9 0.95 1 1.05 1.4 1.15 12 0.2
x [LU]
Fig. 2. Collisions locations (empty circles) and observers initial positions 0al
(asterisks) on planar orbits in Synodic reference frame — Plane x-y view. 08 0.85 0.9 0.95 1 1.05 1.4 1.15 1.2
x [LU]

Zoom in x € [-0.8 LU, 1.2 LU], y € [-0.2 LU, 0.2 LU].

as the Lagrange points and the lunar surface. An exception is made
for the L2 South Halo family, for which four observers are considered
instead of three, including the candidate trajectories for the LUMIO
mission (observer 28) and the Gateway station (observer 25) [3,42].
Of relevance is also observer 3, positioned on a DRO candidate for the
future ESA LUMOS (LUnar MOnitoring System) mission [30,43].

In total, twenty-eight observers are selected, illustrated in Fig. 4. For
each observer, the initial state vector in the Synodic reference frame is
provided in Table 2, along with the corresponding orbital period.

An additional observer in an Elliptical Lunar Orbit (ELO) is incorpo-
rated to evaluate the capability of a space-based observer orbiting the
Moon. Given that approximately 25% of planned lunar missions intend
to deploy orbiters for scientific research, monitoring, communications,
and surveillance purposes [1], the inclusion of such an observer is
both relevant and justified. For this study, a frozen, high-altitude
elliptical orbit is selected due to its inherent stability and minimal
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Fig. 3. Collisions locations (empty circles) and observers initial positions
(asterisks) on Halo orbits in Synodic reference frame — Plane x-z view.

station-keeping requirements. This orbit configuration enables continu-
ous coverage of the lunar poles while facilitating extensive monitoring
of the broader Cislunar region [31]. The initial conditions of the ELO,
expressed in the Moon-fixed International Astronomical Union (IAU)
reference frame [44], are provided in Table 3.

To ensure the validity of the visibility assessment (Section 2.3)
and to maintain an adequate line of sight, the initial positions of the
observers are offset from the collision locations, as depicted in Figs. 1,
3 and 4.

The celestial bodies positions are retrieved from the SPICE
Ephemerides (JPLDE425s) [44] in the J2000 reference frame, for each
epoch ¢ of the time window considered. For the same instants, the
positions of observers and fragments are transformed from the time-
independent Synodic reference frame to the time-dependent J2000
frame using the method outlined in Appendix. Once the position vectors
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Table 2
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Observers adimensional initial states and periods, expressed in the Earth-Moon Synodic reference frame. For each of the nine orbital families selected, three
orbits are chosen to host the observers. Only for the L2 South Halo family, four orbits are considered, including the candidate trajectories for the LUMIO mission
(observer 28) and the Gateway station (observer 25) [3,42]. Of relevance is also observer 3, positioned on a DRO candidate for the future ESA LUMOS mission

[30,43].
Observer ID Observer family X, [LU] v, [LU] z, [LU] V,o [LU/TU] Vyo [LU/TU] v, [LU/TU] Period [TU]
1 DRO 0.024 —1.923e-26 —5.033e-32 1.068e—-12 7.223 —6.005e-30 6.305
2 DRO 0.292 —4.277e-23 1.136e-22 2.512e-12 2.046 —3.000e—-22 6.228
3 DRO 0.884 —1.764e-27 9.291e-36 —3.462e-15 0.470 6.285e—35 1.579
4 L4 Planar 0.487 1.425 6.797e—-34 8.439%e-01 —0.432 —4.216e—34 6.425
5 L4 Planar 0.487 1.180 8.982e—-24 4.730e—-01 -0.216 —9.841e-25 6.533
6 L4 Planar 0.487 1.486 —1.838e-22 1.039e+00 -0.766 5.529e-23 6.290
7 L5 Planar 0.487 -1.067 2.047e-24 —3.066e-01 -0.134 —2.337e-24 6.562
8 L5 Planar 0.487 —-1.497 1.243e-35 —9.714e-01 -0.537 2.321e-34 6.371
9 L5 Planar 0.487 —1.478 —2.166e—24 —1.031e+00 -0.779 —3.030e-25 6.287
10 L1 Lyapunov 0.647 —3.250e-23 —2.652e—-26 3.048e—-13 0.759 —7.297e-25 6.529
11 L1 Lyapunov 0.475 1.218e-22 —1.853e-26 —3.528e-13 1.235 —2.397e-25 7.381
12 L1 Lyapunov 0.826 6.437e—-29 4.958e—32 1.011e-15 0.091 —2.040e—-32 2.7179
13 L1 N Halo 0.921 —1.181e-27 2.140e-01 1.125e-13 0.132 —6.561e—13 1.804
14 L1 N Halo 0.880 —9.811e-27 1.933e-01 —5.203e-14 0.223 1.652e-13 2.126
15 L1 N Halo 0.928 1.173e-25 2.948e-01 8.979%e-11 0.082 —4.195e-10 2.167
16 L1 S Halo 0.876 5.114e-27 —1.919e-01 —4.990e-14 0.2301 —1.480e-13 2.172
17 L1 S Halo 0.928 1.173e-25 —2.948e—-01 8.97%-11 0.082 4.195e-10 2.1675
18 L1 S Halo 0.917 —1.497e-27 —2.105e-01 —8.364e—-14 0.142 —3.816e-13 1.812
19 L2 Lyapunov 0.991 2.943e-29 —7.127e-92 4.236e—-14 2.655 —1.887e—-88 7.813
20 L2 Lyapunov 1.136 -1.127e-28 —2.848e-33 6.974e-16 0.099 1.178e-33 3.386
21 L2 Lyapunov 0.997 2.331e-27 —2.73%-36 —8.270e-14 1.567 4.197e-33 6.518
22 L2 N Halo 1.011 —3.465e-28 1.734e-01 —6.888e—-13 -0.078 1.011e-11 1.3673
23 L2 N Halo 0.024 —1.923e-26 —5.033e-32 1.068e—12 7.223 —6.005e-30 6.305
24 L2 N Halo 0.292 —4.277e-23 1.136e-22 2.512e-12 2.046 —3.000e—-22 6.228
25 L2 S Halo 0.884 —1.764e-27 9.291e-36 —3.462e-15 0.470 6.285e—35 1.579
26 L2 S Halo 0.487 1.425 6.797e—34 8.439e-01 -0.432 —4.216e-34 6.425
27 L2 S Halo 0.487 1.180 8.982e—-24 4.730e-01 -0.216 —9.841e-25 6.533
28 L2 S Halo 1.068 0 0.071 0 0.319 0 3.259
Table 3
ELO’s observer 29 initial state in Moon-fixed IAU reference frame.
x [km] y [km] z [km] v, [km/s] vy [km/s] v, [km/s]
—4486.1 3003.2 3693.3.3 -0.4816 —-0.7194 0

+ Earh
* Moon
*  Lagrange points
Dro Family
L4 Planar Family

L5 Planar Family
—— L1 Lyapunov Family
L1 Northern Halo Family
L1 Southem Halo Family
L2 Lyapunov Family
L2 Northern Halo Family
L2 Southem Halo Family
+  Observers initial states
O Collisions initial states

0.3 -

0.2

-1 T
-0.5 Fams A
0 o5 ] 4 y [LU]

2
x [LU] 5 2

Fig. 4. Observer orbits illustrated in the Earth-Moon Synodic reference frame
— 3D View.

are known in the J2000 frame, the required phase and exclusion angles
are computed following the steps presented in Section 2.3 and setting
the diffuse reflection coefficient C, to 0.5. For the ELO observer,
the transformation of coordinates required for the visibility analysis
(Section 2.3) from the IAU Moon reference frame to J2000 is executed
using SPICE built-in function cspice spkez [44] at each analyzed time
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step. Furthermore, as the ELO remains within the Moon Sphere of
Influence (SOL), its trajectory is computed using a two-body dynamical
model.

4. Results

This section presents the results of the study. It begins with a risk
assessment analysis (Section 4.1) aimed at evaluating the potential
hazards posed by Cislunar-generated debris to the Earth, the Moon, and
operational spacecraft in GEO over time. This is followed by an eval-
uation of the observers observational performance, focusing on their
effectiveness in monitoring the debris clouds (Section 4.2). Finally, an
analysis is conducted to investigate how the monitoring performance is
affected when multiple observers operate collaboratively (Section 4.3).

It is important to note that these findings are specific to the se-
lected propagation period and initial epoch. Consequently, these results
should not be generalized as universally applicable, since factors such
as solar activity and other dynamical influences may vary with different
collision epochs.

4.1. Debris propagation and risk assessment

The initial phase of this study is dedicated to the analysis of po-
tential threats posed by fragments resulting from a breakup to both
celestial bodies and assets in GEO. This orbital region is of particular
concern due to its high density of operational satellites, making it one
of the most hazardous areas. In this analysis, an impact or entry event is
considered when the norm of the relative distance between the position
vectors of the fragment and the celestial bodies is less than or equal to
the radius of the celestial body considered. A threat to the GEO region
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Fig. 5. Percentage of fragments, generated from each collision, impacting
the Earth surface, over a three-month propagation period. The impact is
registered when norm of the relative distance between the position vectors
of the fragment and the Earth is less than or equal to the Earth radius.

instead is considered to occur when the relative distance between the
fragment and the Earth is lower than the radius of GEO region, as
detailed below.

The GEO environment is defined as a region bounded by a circular
cross-section, on the x-y plane of the J2000 reference frame, of radius
42,164 km and a tolerance of 10 km along the z-axis.

The percentage of fragments impacting the Earth, the Moon, or
entering the GEO region over the three-month period is computed to
quantify the threats posed by each collision.

As illustrated in Fig. 5, collisions 5 and 6, occurring in the L1
Lyapunov and L1 Northern Halo orbits respectively, present the highest
risks for Earth impacts, with 2.7% and 2.6% of fragments impacting
the surface. Interestingly, despite collision 2 occurring closest to Earth,
only 1.3% of fragments strike the planet, typically within one to ten
days following the collision. No clear correlation is observed between
the velocity magnitude of the fragments and the likelihood of impact;
rather, the specific direction each fragment takes following the collision
appears to be the determining factor. This trend holds true for both
the Moon and the GEO region cases. While all impacts from collision 5
occur within one month, impacts from collision 6 continue throughout
the three-month period, with the majority occurring around ten to forty
days after the event. This is consistent with the dynamics of the CR3BP,
where fragments initially evading capture revolve around the system
origin before returning into the Earth-Moon environments.

In terms of lunar impact risks, as shown in Fig. 6, the threats are
higher, with 34.3% and 28.5% of fragments from the closer collisions
10 and 9, occurring in the Southern and Northern L2 Halo orbits,
respectively. These findings are consistent with the results in [4], which
identified the highest number of lunar impacts following an explosion
in the Southern L2 NRHO.

Smaller risks are associated with collision 6 (7.1%), collision 7
(4.8%), collision 1 on LUMOS DRO (2.9%) and collision 11, on the
LUMIO L2 Halo. Notably, collision 11 results in only 2.6% of fragments
impacting the Moon, as the majority of fragments disperse rapidly
throughout the Cislunar region, away from the lunar surface, under
the CR3BP dynamics. This represents a relevant hazard as, unlike
Earth, the Moon lacks a substantial atmosphere capable of shielding
from incoming objects through aerodynamic heating during re-entry.
Therefore, deorbited spacecraft or other orbital debris may impact the
lunar surface largely intact, presenting a significant hazard to future
lunar infrastructure and human presence.
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Fig. 6. Percentage of fragments, generated from each collision, impacting
the Moon surface, over a three-month propagation period. The impact is
registered when norm of the relative distance between the position vectors
of the fragment and the Moon is less than or equal to the Moon radius.

Regarding the risk to operational spacecraft in GEO, only 0.7% of
fragments from collision 2 and 0.3% from collision 6 are registered. It
should be noted that the percentages are sufficiently low that a graphi-
cal representation would offer no meaningful benefit and therefore not
provided. This outcome may appear counterintuitive when compared to
the larger number of predicted impacts on Earth, especially considering
that the GEO impact criterion is less stringent in terms of relative
distance. However, this apparent discrepancy can be explained by the
fact that Earth impacts occur even outside the x—y plane in the J2000
reference frame. As such, not all satisfy the planar constraints required
for classification as GEO-belt region impacts. In fact, these results
suggest that the densely populated GEO belt itself faces relatively low
risk, with the majority of hazardous fragments detected along the
out-of-plane dimension.

To further explore the evolution and dynamics of the fragments, it
is observed that, after three months, the majority of fragments remain
dispersed throughout the entire Cislunar region, as highlighted in Fig.
7. In this analysis, this region is defined following the convention in [2],
spanning from —1 to 12 Earth radii beyond geostationary orbit (GEO)
in the x-direction, and from —9 to 9 GEO in the y-direction, relative
to the Earth. In addition to these findings, it is also noteworthy that
a significant concentration of fragments is identified over time near
the Moon-L1 and Moon-L2 regions, where more stable orbits (Halos
and NRHOs) are located. Furthermore, a small portion of fragments
originating from collisions 3 and 4, respectively occurring on L4 and
L5 planar orbits, tends to accumulate around the more stable region
corresponding to the Kordylewski clouds [45].

4.2. Observational performance assessment

The objective of this study is to assess the capabilities of Cislunar
observational spacecraft in monitoring certain clouds of debris resulting
from fragmentation events. To evaluate the detection capability of these
monitoring satellites, the visibility of each fragment from each observer
is analyzed at each time step, exploiting the methodology presented
in Section 2.3. Observations are conducted every two hours over a
three-month period. The percentage of fragments successfully observed
at least once by each observer-collision pair is presented in Fig. 8.
Notably, observers located on the right side of the x-axis, particularly
those belonging to the L2 Lyapunov and Halo families, demonstrate
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superior performance across most collision scenarios. Moreover, colli-
sion 7, which occurs within the L1 Southern Halo orbit, exhibits the
highest overall detection rates, making it the most well-observed event
among the analyzed cases. Specifically, collision 7 is detected most
effectively by observers 18 (L1 Southern Halo), 26 (L2 Southern Halo),
19 and 21 (L2 Lyapunov), with observer 26 achieving the complete
detection of the cloud, while observers 18, 19, and 21 detect 99.3%,
98.8% and 96.7% of fragments, respectively. Observers 3 (DRO), 24
(L2 N Halo), 25 (L2 S Halo), and 16 (L1 S Halo) also demonstrate good
performance, suggesting their potential role in augmenting constella-
tion observations. The elevated visibility observed in certain collision
scenarios can be primarily attributed to the dynamical evolution of
observers and fragments following each collision. Specifically, the ini-
tial conditions of some collisions result in fragments rapidly drifting
away from the observers’ orbits and, more broadly, from the Cislunar
region, significantly reducing both the duration and probability of
detection. Conversely, as will be discussed in greater detail, debris
tend to accumulate within more dynamically stable regions, like the
ones surrounding the L, and L, Lagrange points and the respective
stable or quasi-stable orbits such as Lyapunov, Halo, and NRHOs. These
zones serve as effective accumulation regions, thereby increasing the
likelihood of repeated detection by observers located in proximity.

A limitation of Fig. 8 is the absence of temporal information, which
precludes insight into the observers capability to maintain detection
of the debris cloud over time. To address this lack, the number of
re-observations of each fragment over the three months for the most
relevant collision 7 is computed and reported in Fig. 9. Re-observations
are defined as instances where a fragment is visible at time step k but
was not detected at the preceding time step k-1. The y-axis in Fig. 9
represents the number of re-observations performed by each observer,
while the number of fragments observed that many times is indicated
within each box. For instance, observer 1 observes 251 fragments once,
60 fragments twice, and so forth.

Observers 19 and 21 detect a substantial number of fragments
but perform relatively few re-observations. In contrast, observers 18,
24, 25, 26, and 3 detect fewer fragments only one time, but much
more fragments with higher re-observation rates. Observers capable
of sustaining long-term detection, even for a reduced number of frag-
ments, are particularly valuable for constructing and maintaining a
comprehensive debris catalogue. Observers 26, 25, and 18 emerge as
key candidates for this task, proving Halo orbits especially effective
for long-term debris monitoring. Although the ideal scenario involves
tracking a large number of fragments over an extended period, this is
not always feasible. Therefore, this work prioritizes the observation of
fewer fragments with higher accuracy and prolonged durations.
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Table 4

Violated constraints labels. A fragment is considered visible from an
observer if its apparent visual magnitude is less than 20 (MG), and if
the angular separation between the observer-fragment vector and the
fragment-celestial body vector exceeds the following thresholds: 50° for
the Sun (SA), 35° for the Earth (EA), and 30° for the Moon (MA).

Violated Constraint (s)

Legend acronym

MA+EA+SA+MG  Moon Angle+Earth Angle+Sun Angle+Magnitude
EA+SA+MG Earth Angle+Sun Angle+Magnitude
MA+SA+MG Moon Angle+Sun Angle+Magnitude
MA+EA+MG Moon Angle+Earth Angle+Magnitude
MA+EA+SA Moon Angle+Earth Angle+Sun Angle
SA+MG Sun Angle+Magnitude

EA+MG Earth Angle+Magnitude

EA+SA Earth Angle+Sun Angle

MA+MG Moon Angle+Magnitude

MA+SA Moon Angle+Sun Angle

MA+EA Moon Angle+Earth Angle

MG Magnitude

SA Sun Angle

EA Earth Angle

MA Moon Angle

Another key point is to assess how long on the time window con-
sidered an observer can contribute to catalogue fragments. To this end,
Fig. 10 represents, for each observer, the percentage of fragments orig-
inating from collision 7 detected along the three-month time window
of the analysis. Most observers detect a large number of fragments in
the initial phase, but this number decreases over time, particularly for
observers such as 19 and 21, which initially detect many fragments but
conduct fewer re-observations. Conversely, observers 18, 26, 25 and 24
maintain consistent observations of a small but still significant fraction
of fragments over the three-month period, confirming the findings from
the re-observability analysis in Fig. 9.

In fact, a considerable number of fragments drift away within a
few days without re-encountering the observers over the time window
considered. Observers 18, 26, 25 and 24, on the other hand, exhibit
initial detection peaks comparable to other orbits but continue to detect
a relevant percentage of fragments thereafter.

To investigate the underlying factors contributing to these trends,
the percentage of fragments that remain unobservable due to various
constraints is analyzed and presented in Fig. 11, for the observers 18,
19, 24, 25, 26. As each fragment may violate one or more of the
constraints outlined in Section 2.3, all these violations are assessed
over time. A summary of the acronyms used to denote the different
cases of constraint violations is provided in Table 4. The black-stacked
lines represent the percentages of visible fragments and are included to
provide a complete view of the fragments evolution. As expected, the
observed pattern of fragment visibility percentages over time, for each
observer, is analogous to the trend shown in Fig. 10.

The primary factor contributing to the non-visibility of fragments
within Cislunar space is the increasing distance between the observer
and the fragments, which leads to violating the magnitude constraint.
This phenomenon is observed across all observers, with a particularly
pronounced effect for observer 19 (represented by the orange, salmon,
gray, and light green colors). As distance increases, the brightness of
the fragments diminishes, leading to higher magnitudes that exceed
the detection threshold. Additionally, a smaller, yet significant, fraction
of non-visibility arises from periodic occultation by celestial bodies
(colors: light blue, salmon and gray for the Moon; red, light pink
and gray for the Sun; light green for the Earth). Interestingly, the
moon angle constraint has a significant impact during the first half
of the observation window, but becomes much less relevant in the
second half. In contrast, the constraint imposed by the Sun, while
generally less restrictive, remains consistently active throughout the
entire period. This behavior can be explained by the initial proximity of
the fragments to the Moon: in the early stages, their orbits remain close
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Fig. 8. Percentage of fragments generated from each of the eleven collision cases and visible at least once by each observer over three months. Observations are

made every two hours.
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Fig. 9. Number of fragment re-observations performed by each observer over
three month, for the fragments generated by collision 7. Re-observations are
defined as instances where a fragment is visible at time step k but was not
detected at the preceding time step k-1. The y-axis represents the number of
re-observations performed by each observer, while the number of fragments
observed that many times is indicated within each box. Observations are made
every two hours.

to the lunar vicinity, making the lunar disk an effective obstruction.
As time progresses and the fragments disperse further from the Moon,
this constraint naturally loses effectiveness. This trend is particularly
evident for observers located on Halo orbits (specifically observers 18,
24, 25, and 26), where the influence of the lunar disk diminishes over
time. Notably, observer 19, located on a Lyapunov orbit around the L2
point, exhibits a different behavior: for this configuration, the Moon
remains within the critical angular range for the entire observation
period, making the constraint continuously relevant. These variations
highlight the strong dependence of visibility constraints on the observer
orbital configuration, and provide additional insights into the relative
impact of celestial obstructions in different dynamical regimes.
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Fig. 10. Evolution in time of the percentage of fragments originated by
collision 7 and detected by each observer over three months, with time
expressed in days.

Fragments with lower delta velocities (initial 4v < 0.4 km/s) are
predominantly confined to the inner Cislunar region, allowing for
prolonged and more consistent detectability. In contrast, fragments
that remain undetected encompass a broad range of initial velocities,
spanning both high and low values. The non-detectability of these
fragments is primarily influenced by their initial trajectory, which leads
to their rapid dispersion across the region and eventual un-observability
due to the significant distances involved. Thus, the superior perfor-
mance of Halo observers can be attributed to their inherent stability,
as a significant proportion of fragments, particularly those with lower
velocities, persist in the vicinity over time, facilitating prolonged and
more consistent detection.

Given the mission relevance, a comparable analysis is performed
for collision 11, which occurs along the LUMIO orbit. This assessment
also offers insight into the implications of selecting different orbits
within the L2 Halo family. As illustrated in Fig. 8, observers 19, 21,
and 22 emerge as the most promising, achieving complete detection,
with observers 20 (91.3%), 26 (86.6%), and 3 (81.6%) also recording
high detection rates.

Upon analyzing re-observations for collision 11 in Fig. 12, a pattern
consistent with collision 7 (Fig. 9) is observed: while observers 19,
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Fig. 11. Percentage of collision 7 fragments violating constraints over three
months for observers 18, 19, 24, 25, 26. A fragment is considered visible from
an observer if its apparent visual magnitude is less than 20 (MG), and if the
angular separation between the observer-fragment vector and the fragment-
celestial body vector exceeds the following thresholds: 50° for the Sun (SA),
35° for the Earth (EA), and 30° for the Moon (MA). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 12. Number of fragment re-observations performed by each observer over
three month, for the fragments generated by collision 11. Re-observations are
defined as instances where a fragment is visible at time step k but was not
detected at the preceding time step k-1. The y-axis represents the number of
re-observations performed by each observer, while the number of fragments
observed that many times is indicated within each box. Observations are made
every two hours.

20, and 21 detect many fragments, they conduct relatively few re-
observations. In contrast, observers 3, 24, and 26, although detecting
fewer fragments only one time, achieve higher re-observation rates for
a greater number of fragments, further validating L2 Halo orbits and
DRO as particularly effective for long-term debris monitoring.
Similarly to Fig. 11, the increasing distances combined with occa-
sional occultation by celestial bodies, result in the majority of fragments
becoming non-visible, as highlighted by Fig. 13. Consistent with the
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Fig. 13. Percentage of fragments generated from collision 11 violating con-
straints over three months for observers 3, 19, 20, 22, 26. A fragment is
considered visible from an observer if its apparent visual magnitude is less
than 20 (MG), and if the angular separation between the observer-fragment
vector and the fragment-celestial body vector exceeds the following thresholds:
50° for the Sun (SA), 35° for the Earth (EA), and 30° for the Moon (MA).

earlier analysis, for observers located on Halo orbits, specifically ob-
servers 22 and 26, the angular distance constraint imposed by the
Moon is particularly significant during the first half of the observation
window but becomes considerably less influential in the second half. In
contrast, the constraint due to the Sun, though generally less restrictive,
remains persistently active throughout the entire time frame. In the
case of observers on Lyapunov orbits around L2 (observers 19 and
20), the situation again differs as the constraints imposed by the Sun,
the Moon, and even the Earth remain consistently relevant for the
entire duration of the observational period. An additional interesting
case is presented by the observer located on a DRO (observer 3). For
this configuration, the Sun remains a constant constraint, while the
influence of the Moon varies more dynamically. Specifically, the lunar
constraint becomes significant at the beginning, middle, and end of
the window, reflecting the evolving relative geometry between the
observer, the fragments, and the Moon as they progress along their
respective orbital paths.

Since both collision 7 and collision 11 occur on L2 Halo orbits, these
similarities are not surprising. Moreover, these findings affirm that
while the best-performing observer may vary across different collisions,
the L2 Halo family consistently demonstrates superior performance
across the analyzed scenarios.

4.3. Constellation analysis

The observability analysis presented in the previous section can be
extended by investigating how the monitoring performance may be
enhanced when multiple spacecraft operate collaboratively within a
unified observational constellation. Therefore, a sensitivity analysis is
performed by varying the number n of observers in the constellation
from two to ten. The candidates for this constellation are the same ob-
servers introduced in Section 3, with their initial states detailed in Table
2. The analysis is centered on detecting the debris cloud originating
from collision 7, within the L1 Southern Halo orbit. For each specified
number »n of observers, (2:) possible combinations of distinct observers
are evaluated. The total visibility time coverage for each fragment is
computed and recorded, for every constellation combination. Given
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Occurrences metric: the three top-performing constellation combinations are presented as a function of the
number of observers considered. The second column presents the corresponding percentage of fragments
for which these combinations provide the longest coverage, while the third column shows the maximum
visibility time achieved by each combination. The maximum visibility time is defined as the maximum
percentage of time instances within a three-month period during which the combination of observers

detects a fragment from collision 7.

n Three top-performing observers Number of Maximum time
configurations occurrences [%] coverage [%]
20 17.7 33.7
1 26 14.5 69.4
12 13.8 59.9
20, 26 16.0 72.7
2 26, 28 4.7 72.4
20, 25 3.7 63.6
20, 26, 3 9.9 87.5
3 20, 26, 28 35 75.6
20, 26, 22 2.1 78.3
3, 20, 26, 28 4.5 88.1
4 1, 3, 20, 26 3.8 87.5
3, 20, 25, 26 2.2 88.5
1, 3, 20, 26, 28 3.0 88.1
5 1, 3, 20, 25, 26 2.5 88.5
1, 2, 3, 20, 26 1.8 87.5
1, 2, 3, 20, 26, 28 3.3 88.1
6 1, 2, 3, 20, 25, 28 3.2 88.5
1, 2, 3, 4, 20, 26 2.2 87.5
1, 2, 3, 4, 20, 25, 26 31 88.5
7 1, 2, 3, 4, 20, 26, 28 2.8 88.1
1, 2,3, 4,5, 20, 26 2.1 87.5
1, 2, 3, 4, 5, 20, 25, 26 33 88.5
8 1, 2,3 4,5, 6, 20, 26 2.1 87.5
1, 2, 3, 4, 20, 22, 25, 26 1.9 90.8
1, 2,3, 4,5, 6, 20, 25, 26 35 88.5
9 1, 2, 3, 4,5, 6, 20, 26, 28 3.4 88.1
1,2,3,4,5,6, 7, 20, 26 2.1 87.5
1, 2,3, 4,5,6, 7, 20, 25, 26 35 88.5
10 1,2,3,4,5,6,7,8, 20, 26 2.3 88.1
1, 2, 3, 4,5, 6, 20, 22, 25, 26 2.0 87.5

3

that different constellations may exhibit varying observational effec-
tivenesses — where one constellation might track an individual fragment
for an extended period while another may observe a greater number
of fragments but with shorter observation times — two key evaluation
metrics are considered. The first metric prioritizes the constellation
capable of maximizing the number of fragments monitored for their
respective longest durations, and is addresses as occurrences metric.
The second prioritizes the one capable of achieving the longest visibility
time coverage overall, regardless the number of fragments detected,
and is referred as time coverage metrics. The latter metric is deemed
the most relevant for maintaining a comprehensive debris catalogue.

4.3.1. Occurrences metric

The primary performance parameter evaluated pertains to the op-
timal occurrences of the constellation. In this context, occurrences is
defined as the percentage of fragments for which a specific observer
combination is identified as optimal. For a given fragment, a combina-
tion is considered optimal if it enables the longest monitoring duration
for that specific fragment, compared to all other configurations. To
this end, for each number n of observers in the constellation, the
three highest-performing combinations, identified as optimal based on
the largest number of detectable fragments, are presented in Table 5.
The table also reports the corresponding percentage of fragments for
which these combinations offer the longest coverage, relative to the
total number of fragments generated by collision 7, as well as the
maximum visibility time achieved by each combination. The maximum
visibility time is defined as the percentage of time instances over a
three-month period during which the fragment is detectable by the
specific combination of observers.
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The results show that the most effective constellation consistently
includes the previously identified top-performing observers (see Sec-
tion 4.2). These key observers — 20, 25, 26 and 12 - correspond to
the smallest L2 Lyapunov orbit, the largest L2 Southern Halo orbit, the
median L2 Southern Halo orbit, and the smallest L1 Lyapunov orbit,
respectively. Observer 20 achieves a maximum coverage time of 33.7%
for a given fragment; however, it optimally monitors only 17.7% of
fragments. This finding highlights the inherent limitations of single-
observer configurations, which fail to provide comprehensive cloud
coverage and significantly constrain monitoring duration. Additionally,
observer 3 demonstrates strong performance, appearing in all constel-
lation configurations containing between four and ten observers. This
finding is not surprising given observer 3 high individual performance,
but it is also particularly relevant in the context of the upcoming LU-
MOS mission [30], as it further supports the potential of this candidate
to detect, track, and monitor objects in the Cislunar region.

Expanding the number of observers significantly enhances con-
stellation performance: with a single observer, the highest-performing
configuration (observer 20) achieves a coverage time of 33.7%. When
three observers are included (3, 20, 26), the best-performing combi-
nation reaches 87.5% coverage. By incorporating a fourth observer (3,
20, 26, 28), coverage increases to 88.1%. Notably, the highest recorded
coverage time — 90.8% - is achieved with an eight-observer configu-
ration (1, 2, 3, 4, 20, 22, 25, 26). This optimal combination consists
of the top-performing observers, reinforcing the conclusion that the
most effective constellations primarily rely on these high-performing
orbits, while additional observers provide only a minor improvements.
Furthermore, when accounting for the maximum time coverage, the
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Fig. 15. Occurrences Metric: evolution of the maximum percentage of time
instances within a three-month period during which the three top-performing
combination of observers detects a fragment from collision 7, in function of the
number of observers considered in the constellation. The three top-performing

combinations are defined through the occurrences metric.

Fig. 14. Occurrences Metric: evolution of the percentage of fragments gener-
ated by collison 7, for which the three top-performing observers combinations
are identified as optimal, in function of the number of observers considered in
the constellation. For a given fragment, a combination is considered optimal if
it enables the longest monitoring duration for that specific fragment, compared

to all other configurations.

peak performance is achieved with an eight-observer configuration.
No significant improvements can be observed when increasing the
configuration beyond the four-observer setup, thereby making larger
configurations both unnecessary and resource-intensive, as no further
enhancements in time coverage are attained for this metric.

It is important to note that an increasing number of observers does
not directly correspond to a higher percentage of optimally monitored
fragments. as highlighted by the comparison of Figs. 14 and 15. In
fact, the opposite trend is observed: individual observers tend to track
a larger percentage of fragments for their longest recorded duration.
However, as the constellation expands, this percentage decreases due
to the growing number of possible combinations, which can provide
more effective monitoring for specific fragments. For instance, with

four observers, the (3, 20, 25, 26) combination achieves the longest
coverage of 88.5% but optimally tracks only 3.8% of fragments. In
contrast, the combination (3, 20, 26, 28) provides slightly lower overall
coverage (88.1%) but has a higher occurrences percentage of 4.5%,
meaning it optimally monitors a larger proportion of fragments. As the
constellation grows, the percentage of occurrences decreases because
more observer combinations are being considered, according to the
formula (2:) This leads to a higher chance that fragments are mon-
itored more effectively by different configurations. Essentially, while
some combinations provide better overall coverage, fewer fragments
depend on them as their best option. In contrast, other combinations,
although slightly less effective for continuous monitoring, can still play
a crucial role in monitoring a larger number of fragments. This insight
emphasizes the challenges of optimizing a constellation to both achieve
coverage efficiency and monitor a broader range of debris for longer
periods. Nevertheless, increasing the number of observers allow all
three constellations to eventually detect every fragment at least once,

as depicted in Fig. 16.

4.3.2. Time coverage metric
The second metric prioritizes the constellation providing the longest

visibility coverage time in percentage over three months, across all

100 .
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100.0%

997 998 999 10 1001 1002

Percentage Visible Fragments [%]
¢

Best constellation

10

7 8 9

red

3 4 5 6
Number of observers conside

Fig. 16. Occurrences Metric: evolution of the percentage of fragments gener-
ated by collision 7 that are visible at least once by the three top-performing
constellations, as a function of the number of observers considered in the
constellation. The three top-performing combinations are defined through the

occurrences metric.

fragments. According to this metric and as highlighted in Table 6,
individual observers 26, 25 and 3 exhibit the highest performance,
achieving 69.4%, 63.6%, and 60.9% visibility coverage times, respec-
tively, further validating the suitability of L2 Halo Orbits and DROs for
SSA surveillance.

The addition of another spacecraft leads to a noticeable improve-
ment in performance, as illustrated by the matrix of pairwise combina-
tions in Fig. 17. This remains true when increasing the constellation,
as highlighted in Table 6 and Fig. 18.

Although the optimal observer combinations change as the number
of participants increases, observers 3, 24, 25, 26, 12, 21, 24 and 29
always appear in the highest-performing configurations. These findings
suggest that L2 Halo orbits (observers 24, 25, 26) and DRO (observer 3)

are ideally suited for monitoring collisions in the L1 Southern Halo, the
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Table 6
Time coverage metric: the three top-performing constellation combinations are presented as a function of

the number of observers considered. The second column presents the maximum visibility time achieved
by each combination, defined as the maximum percentage of time instances within a three-month period
during which the combination of observers detects a fragment from collision 7.
Three top-performing observers

Maximum time

n
coverage [%]

configurations
26 69.4
1 25 63.6
3 60.9
12, 29 87.2
2 3, 24 86.6
3, 26 85.4
3, 24, 25 92.4
3 12, 21, 29 92.2
12, 18, 29 91.9
3,22, 24, 26 94.7
4 8, 12, 21, 29 94.6
3,14, 24, 25 94.4
6, 8, 12, 21, 29 96.4
5 6, 8, 12, 18, 29 96.0
3, 16, 22, 24, 25 95.7
6, 8, 12, 21, 27, 29 97.1
6 6, 8, 12, 21, 23, 29 96.9
6, 8, 12, 17, 21, 29 96.8
6, 8, 12, 21, 26, 27, 29 97.1
7 6, 8, 12, 21, 26, 23, 29 96.9
3, 6,8, 12,17, 21, 29 96.8
3, 6, 8, 12, 21, 26, 27, 29 97.1
8 3, 6, 8, 12, 21, 23, 26, 29 96.9
3, 6, 8, 11, 12, 26, 27, 29 96.8
3, 6, 8, 12, 20, 21, 26, 27, 29 97.1
9 3, 6, 8, 12, 20, 21, 23, 26, 29 96.9
3, 6, 8, 11, 12, 24, 26, 27, 29 96.8
3, 6, 8, 12, 20, 21, 24, 26, 27, 29 97.1
10 3, 6, 8, 12, 20, 21, 23, 24, 26, 29 96.9
3, 6, 8, 11, 12, 20, 24, 26, 27, 29 96.8
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Fig. 17. Time Coverage metric: maximum percentage of time instances within o : L ! " . . L ! ! =
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a three-month period during which the two-observers combinations detect a
fragment from collision 7. The matrix is symmetric and the main diagonal

reports a not-applicable percentage, as a sensor cannot be combined with itself. Fig. 18. Time Coverage metric: evolution of the maximum percentage of time

instances within a three-month period during which the three top-performing
combination of observers detects a fragment from collision 7, in function of
the number of observers considered in the constellation.

orbital regime where the analyzed collision 7 is located. Additionally,
the performance of these orbits could be further enhanced by incorpo-

rating L1 Lyapunov orbits (observer 12), L2 Lyapunov orbits (observers
20, 21), and ELOs (Observer 29). This last result is quite interesting,
as deploying observers on lunar orbits would not only enable detailed
monitoring of that orbital regime, but also provide coverage of the
Cislunar region when integrated into a constellation. Interestingly, the

top-performing observers identified in the single-observer analysis re-
main the best candidates within larger constellations, reconfirming that
certain observers consistently offer optimal coverage, with additional

observers filling the visibility gaps.
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Fig. 19. Time Coverage Metric: evolution of the percentage of fragments
generated by collision 7 that are visible at least once by the three top-
performing constellations, as a function of the number of observers considered

in the constellation.
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Fig. 20. Time Coverage Metric: correlation of the percentage of fragments
generated by collision 7, visible by the top-performing constellation and the
respective maximum visibility time, expressed in days, as a function of the
number of observers considered in the constellation. The three top-performing
combinations are defined through the time coverage metric.

As the number of observers increases, coverage surpasses 97% when
six observers are considered. However, from n = 6 onward, perfor-
mance stabilizes, yielding diminishing returns with further additions.
The optimal performance is therefore achieved with six observers and
beyond this point further increases in the constellation size provide
minimal benefits in terms of coverage.

Similarly to Section 4.3.1 and highlighted in Fig. 19, expanding
the constellation may facilitate the detection of a greater number
of fragments at least once. Moreover, this outcome remains strongly
dependent on the presence of high-performing observers. This effect
is particularly evident in the ‘best performance’ trend where 100%
fragment detection is achieved at n = 1, n = 4, and from n = 7 onward,
coinciding with the reintroduction of observer 26. Thus, the expansion
of the constellation should be carefully balanced against available
resources and mission objectives. Additionally, the strategic placement
of observers remains critical to maximizing both the effectiveness and
overall efficiency of the constellation.

Acta Astronautica 238 (2026) 1432-1446

To complete the analysis, Fig. 20 illustrates the distribution of
fragments versus the total covered time in days, in the function of
the number of observers considered in the constellation for the top-
performing constellation. As the number of observers increases, the
maximum coverage time improves, reaching 87.4 days with six ob-
servers. However, the longest coverage durations are associated with
individual fragments, while the majority are tracked for relatively short
periods, as indicated by the initial peaks on the time-coverage axis in
Fig. 20. Despite this trend, constellation expansion improves the capa-
bility to monitor a greater number of fragments for longer durations,
even if the maximum coverage times are not reached. Notably, the
peaks observed at the beginning of the period of observation exhibit
a tendency to flatten, suggesting that a larger constellation can offer
significant operational advantages by monitoring a greater percentage
of fragments for longer periods.

5. Conclusions

This study provides a comprehensive analysis of debris evolution
and detectability within the Cislunar environment, offering critical
insights into the complexities of this region and contributing to the
requirements for a space-based STM infrastructure, capable of enabling
the sustainable long-term utilization of Cislunar space.

Nine families of periodic orbits are selected for potential Cislunar
observation: DRO, L4 Planar, L5 Planar, L1 Lyapunov, L1 Northern
Halo, L1 Southern Halo, L2 Lyapunov, L2 Northern Halo, and L2
Southern Halo. A total of eleven collision scenarios are simulated across
the orbits within these families and twenty-eight observers deployed. A
further space-based observer is placed on a relevant ELO for a total of
twenty-nine observers.

Moderate risks of impacts with celestial bodies, particularly the
Moon, are identified. In contrast, minimal risks are associated with the
GEO belt region, as the majority of debris intersecting this region, do
so at nearly normal angles.

Over a three-month period, the majority of debris fragments dis-
perse chaotically across the Cislunar region. However, lower-velocity
fragments tend to concentrate in the inner Cislunar zone, enabling pro-
longed detectability, particularly around the more stable L2 Halo orbits,
which is proven highly effective for the deployment of a space-based
observer for cataloguing space debris generated by fragmentations in
the Cislunar region. In contrast, fragments with large velocity disperse
across the region, ultimately making the fragments undetectable due to
the significant distances involved.

The L2 Halo and Lyapunov orbits, followed by smaller DROs and
L1 Lyapunov orbits, emerged as the most effective orbital families
for debris monitoring, establishing them as promising candidates for
hosting an STM infrastructure. Furthermore, at a space mission design
phase, satellite positioning can be based on considerations regarding
potential fragmentation. For instance, the monitoring of the breakup
of a satellite placed in the Southern L1 Halo orbit would benefit from
more effective observation when supported by space-based sensors

positioned in L2 orbits. This strategic alignment could inform debris
mitigation strategies.

The tracking of the fragments generated by a collision occurred in
Cislunar region significantly improves when multiple observer satellites
operate in a constellation. Increasing the number of observers enhances
the time coverage of a single fragment on a three-month time window,
achieving up to 97.1% of visibility time with a six-observers con-
stellation. However, beyond six observers, further resource allocation
yields diminishing returns. To analyze this behavior and evaluate how
increasing the size of the observers constellation may enhance perfor-
mance, two metrics are considered: one that prioritizes the maximum
percentage of fragments for which a combination provides its relative
longest visibility time, and another that prioritizes the overall longest
visibility time. For both metrics analyzed, a small number of highly ef-
ficient observers, primarily located in L2 Halo orbits, consistently form
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the most effective debris-detecting constellations. The performance
of these constellations can be further optimized by incorporating L1
Lyapunov orbits, small DROs, or lunar orbits such as ELOs, effectively
complementing the L2 Halo orbits. Given their critical role in both
the development of surveillance constellations and the advancement of
scientific research, the L2 Halo regions are expected to experience the
highest concentration of operational assets. As such, careful planning
and design for the utilization of these regions are recommended to
minimize the potential for fragmentation events and to ensure the
safety of future operations.

These findings extend beyond current literature on Cislunar frag-
mentation event analysis, mainly based on explosions test cases [4—
7,46] and provide key insights for the development of an advanced,
tailored STM infrastructure, playing a critical role in supporting the
sustainable utilization of this pivotal region.

Several potential developments of this work are possible and out-
lined hereafter. First, the modeling and analysis of debris trajectories in
Cislunar space could be enhanced by employing higher-fidelity meth-
ods, such as the Bicircular Restricted Four-Body Problem [25] or the
Ephemeris-based N-body model [4]. Additionally, sensitivity analyses
could be conducted by varying key fragmentation factors, such as the
type of breakup, the involved spacecraft, the breakup epoch, and the
impact velocity, to examine how these variations influence debris cloud
trajectories and their observability. Improving observability could also
be achieved by deploying additional satellites along the optimal orbits
or using advanced observability models [18,21], which could refine
sensor measurement simulations. Finally, the integration of alternative
breakup models, including semi-empirical models like FAST [47] or
IMPACT [48] and more advanced tools such as the Collision Simu-
lation Tool [49] or the CARDC-SBM spacecraft breakup model [50],
could provide more realistic simulations of collision dynamics and offer
valuable insights into debris distribution.
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Appendix. Conversion from inertial J2000 to synodic reference
frame

For practical applications, it is often advantageous to express tra-
jectories in the J2000 reference frame, which is inertial and Earth-
centered. In this frame, the x-axis points towards the Vernal equinox
at epoch J2000 (that is, at 12:00 Terrestrial Time on January 1st,
2000), the z-axis is aligned with the Earth’s rotation axis, and the y-axis
is orthogonal to both the x- and z-axes, completing the right-handed
coordinate system [51].

To achieve this, the transformation from the inertial J2000 refer-
ence frame (denoted as J) to the Synodic reference frame (denoted as
S) is performed as follows [52].
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For a given epoch 7, the J2000 position and velocity vectors are
transformed into an instantaneous rotating frame, which is defined in
terms of unit vectors relative to the J2000 frame and identified as
Synodic Earth-Centered reference frame (SEC):

-1
r(1) C 0y r(t)
v(t) cC C v,

where C is the transformation matrix, and C its time derivative, defined

as:

9

SEC

C= [Xref Yref Zre[] 1o
6c, -6c, 0

C=[6c,, -6C, O an
0C;,, -0C; 0O

The elements C;; are the matrix C components and the unit vectors
defining the reference frame are given by:

= R
Xre = IR atoon]l
—_ —_ MoonXRMoon
C=1Zes = R 5 00n XR 100 12)
Yref = Zref XXref
The angular velocity 0 is defined as:
) — RMoDn X RMz)on (13)

”RMoorl”2

where R;,,,, is the Moon position vector in the J2000 inertial coordi-
nates at epoch 1, and R,,,,, is its velocity vector.

Subsequently, the origin of the Synodic reference frame is shifted
from the Earth to the Earth-Moon system barycenter and the parameters
are adimensionalized:

1 H
rg(t) =rgpc(?) T 0 (14)
0
V(1) = Vgpc@®) Ii* 15)
1y
=4 1
Is == 16
where
H = HEarth T HMoon a7
= ”RMoon” (18)
*)3
r= ‘lﬂ (19)
u

In this formulation, /* represents the Earth-Moon distance, and u,,, is
the total gravitational parameter of the Earth-Moon system. The time
scale 7 is defined as the standard gravitational time constant for the
system.

The inverse transformation can be applied to convert the state from
the Synodic reference frame back to the J2000 reference frame.
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