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Executive Summary

Distant reaches of space loom as a strategic horizon. The vast majority of space operations
have, so far, been limited to a few families of near-Earth orbits. However, space beyond geosta-
tionary Earth orbit, or xGEO, is likely to become important for strategic purposes in the near
future. This is especially true of cislunar space, that region of space in which the gravity of Earth’s
moon is significant. This paper refers to xGEO and cislunar space as Space Frontier Areas, since
missions there have not yet reached sufficient scale to cluster into patterns of use.

Current strategic thought on activities in Space Frontier Areas is largely bipolar, with some
experts emphasizing their near-term security implications and others emphasizing much longer-
term economic potential. This bipolarity tends to suggest a zero-sum choice between imminent
security needs or long-term economic opportunity, constraining policymakers’ ability to identify
trade-offs and make nuanced choices about risk and priorities in space operations.

This paper proposes an analytical framework for improving the coherence of strategic
thought about Space Frontier Areas. It postulates four strategic purposes served by activities in
Space Frontier Areas (prestige, governance, security, and resources), and a framework in which
each purpose can be weighted by its importance and immediacy in a given time frame. Relying
on data derived from research interviews with several experts in space operations, it demon-
strates that this framework can produce more coherent strategic perspectives about activities in
Space Frontier Areas.

Reducing bipolarity in strategic thought about Space Frontier Area improves the realism
and nuance of the context in which leaders must make decisions about time, attention, and re-

sources to be devoted to space operations.
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Introduction

Outer space beyond the limits of most present-day space activities looms as a strategic horizon.
The prospects of water ice at the lunar south pole, asteroids rich in rare earth minerals, and human
habitation on other worlds inspire adventurers, motivate scientists and investors, and irritate skep-
tics. Risks and opportunities in new frontiers of space operations also concern military leaders: as
national interests expand to beyond Earth orbit, the potential for competition and conflict follows.
Former Vice Chairman of the Joint Chiefs of Staff General James Cartwright has suggested there is a
“normal pattern” of expansion into a new domain: exploration is followed by routinizing communi-
cations, followed by national security, followed by the commercial sector.!

States have undertaken missions to the Moon and beyond since the first days of the space
age.” However, such missions have remained exceptional, with the vast majority of space activi-
ties confined to near-Earth orbit. Advances in technology and an emerging new space race with
China are likely to change that. Spacefaring actors’ aspirations for new moves at scale into Space
Frontier Areas should drive new ways of thinking about space and spacepower.

This paper explores ways that activities in Space Frontier Areas have strategic significance
for the United States in the near future. It first defines the concept of Space Frontier Areas
and characterizes their key attributes. It next reviews the existing relevant literature, identifying
generally agreed matters and highlighting those matters where strategic perspectives diverge. It
concludes that the literature tends to center on tends to center on security and resource interests
with substantially less emphasis on the prestige and governance qualities of activities in Space
Frontier Areas. It then proposes a framework for advancing strategic thinking about activities

in Space Frontier Areas and reports the results of research testing that framework.

Part I: Defining and Characterizing Space Frontier Areas

Most sources on what this paper terms Space Frontier Areas focus on one (or both) of two
conceptions of outer space beyond the limits of contemporary satellite operations: exgeosta-
tionary Earth orbit (xGEO) space, or cislunar space. Cislunar and xGEO have long sufficed as
terms of reference because the principal use of each term is to distinguish distant regions of
space from more familiar near-Earth orbit families: low Earth orbit (LEO), medium Earth orbit
(MEO), geostationary Earth orbit (GEO), and highly elliptical orbit (HEO). The U.S. Space
Force’s capstone doctrine publication divides space into three grand “orbital regimes” based on
gravitational dominance. The geocentric regime is dominated by Earth’s gravity (and is home

to all current “key orbital trajectories,” the “orbits for mission execution and power projection.”
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In U.S. Space Force doctrine, the geocentric regime is nested within the cislunar regime, which
is dominated by the interacting gravity of Earth and its Moon. The cislunar regime in turn is
nested within the solar regime, dominated by the Sun’s massive gravitational field.* As discussed
below, other sources define and delineate space beyond the geocentric regime differently.

At present, no agreed convention for further delineation of xGEO or cislunar space has
gained general acceptance. Several such frameworks have been proposed.” Some proposals
would distinguish regions of space beyond near-Earth orbits with reference to spatial distances
between Earth, its Moon, and other celestial bodies.® Others divide regions of xGEO or cislunar
space into zones centered on sources of gravitational attraction,” zones from which spacecraft
may present a threat to Earth or satellites in Earth orbit,® or dynamic potential (such as space
in vicinity of Lagrange points, where the gravity of two celestial bodies—such as Earth and its
moon—are in gravitational equilibrium).’

Each of these frameworks for delineation has merit as a basis for describing or under-
standing some aspect of novel space operations. However, any effort to distill the gravita-
tional complexity of Space Frontier Areas like xGEO or cislunar space into a simplified model
quickly encounters a limit to that model’s utility."” The variety of possible orbits and trajecto-
ries in and between regions of Space Frontier Areas is enormous. As the use and exploration
of space beyond Earth orbit matures, the patterns of usage that emerge will simplify the task
of describing them.

The titles of contemporary key orbital trajectories correspond to regions of space in which
actual uses of outer space have matured and clustered, forming recognizable patterns that quickly
became the basis for delineating space. Such delineation by clustered use becomes convenient, or
even necessary, as access to a frontier is normalized to the point that patterns emerge.

Regions that are vast or geographically diverse have historically been delineated with refer-
ence to the lines along which uses have clustered. For example, the designation of historic trade
routes such as the “Silk Roads” did not rely on their inherent geographic or spatial qualities for
delineation. Although traders on the Silk Roads may have favored specific pathways between
nodes of economic importance because of qualities such as distance, terrain, and population
centers located along the way, it was the clustered usage of the paths along those trade routes
(rather than their physical qualities) that came to define them."!

There are a theoretically infinite number of Earth-circling orbital trajectories. However,
actual uses of Earth orbit have mostly clustered in the four “key orbital trajectories” described
in U.S. Space Force doctrine: LEO, MEO, HEO, and GEO. Although the conventional titles for

these orbital regimes bespeak factors such as altitude, eccentricity, inclination, and/or period
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match, the common quality of each orbital trajectory significant enough to earn a title is that
the clustering of space missions there has formed recognizable patterns of use. A brief look at
how these legacy orbital regimes came to have distinct identities is in order before turning our

attention toward more distant frontiers.

Figure 1. Example of framework for further delineation of cislunar space, in this
case by spherical zones around celestial bodies. In this model, Earth is at center, and
the Moon is at about nine times distance from Earth of Geostationary Earth Orbit; the
Earth-Moon Lagrange points are shown as red crosses.
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Source: Marcus J. Holzinger et al., A Primer on Cislunar Space, AFRL 2021-1271 (Wright-Patterson Air
Force Base: Air Force Research Laboratory, 2021), figure 3, https://www.afrl.af.mil/Portals/90/Docu-
ments/RV/A%20Primer%200n%20Cislunar%20Space_Dist%20A_PA2021-1271.pdf.
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The Qualities and Titles of Legacy Earth Orbits

Low Earth orbit (LEO) is characterized by the clustered use of outer space at altitudes be-
tween the lowest sustainable orbit and approximately 2,000 kilometers (km) above Earth’s mean
sea level.”? The nominal distinctive of low Earth orbit is low orbital altitude. Uses cluster within
LEO because it is the easiest and most cost-effective orbit to reach, and because many space
missions (for example, Earth imagery, communication with low-power devices on Earth, very
low latency data transfer) are optimized at low orbital altitudes."® Patterns of usage also cluster
below 2,000 km because as orbital altitude approaches this upper limit of LEO, the harmful
radiological effects of the Earth’s inner Van Allen Belt become significant and damage satellite
components not designed for long endurance in high-radiation environments."

Geostationary Earth orbit (GEO) is defined by the clustered use of space at approximately
0° inclination (directly above the equator), in a circular orbit 35,786 km above Earth’s mean sea
level. In such an orbit, the time it takes a satellite to complete an orbit around Earth matches

the time it takes the Earth to complete a full rotation on its axis. In this orbit, a satellite seems

Figure 2. Visualization of satellites at LEO, MEO, and GEO altitudes. In this image,
satellites in LEO are depicted in white, and satellites in GEO are depicted in red.

Source: Jacobo Varela et al., “MHD Study of Planetary Magnetospheric Response During Extreme Solar
Wind Conditions: Earth and Exoplanet Magnetospheres Applications,” Astronomy & Astrophysics 659
(March 2022), A10, https://doi.org/10.1051/0004-6361/202141181.
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to be “stationary above the same spot on the planet,”” and holds almost a third of the Earth’s
surface continuously in its field of regard.'® The perception of a “stationary” satellite is the
nominal distinctive of Geostationary Earth orbit. Uses cluster in GEO because a satellite in this
orbit enjoys a constant view of the same areas of Earth’s surface. This is useful for functions like
satellite broadcast and communications that benefit from constant view of fixed antennas and
ground stations on Earth.

While GEO is a circular orbit, the trajectory of a satellite in highly elliptical orbit (HEO) is
an elongated ellipse. “Eccentricity” describes the extent to which a satellite’s orbit deviates from
a perfect circle; the path of highly eccentric orbits are very elongated ellipses. Although HEO is
possible at any inclination and in a wide range of eccentricity, patterns of satellites in HEO gen-
erally cluster in high-eccentricity polar orbits. Space missions such as missile warning and com-
munications cluster in HEO for optimized coverage of polar regions, providing long dwell time
over one polar region. Satellites in HEO often perform similar functions as those in GEO, but
a satellite in GEO does not have an optimized view of polar regions due to the curvature of the

Earth and obscuration by the Earth’s atmosphere. The high eccentricity of the orbit also means

Figure 3. Visualization of GNSS constellations in MEO. The orbital trajectories are
illustrative only and do not depict all orbital planes in actual use.
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Source: “Global Navigation Satellite System (GNSS) and Satellite Navigation Explained,” Inertial Labs,
November 7, 2024, https://inertiallabs.com/gnss-and-satellite-navigation-explained.
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that a satellite in HEO traverses a wide range of altitudes; HEO perigee (the lowest altitude point
of an Earth orbit) can be at lower altitude than most satellites in LEO, while HEO apogee (the
highest point of an Earth orbit) can exceed 45,000 km: this is 10,000 km farther from Earth than
GEO altitude."” The highly eccentric, which is to say elliptical, orbit at high/polar inclination is
the nominal distinctive of highly elliptical orbit.

Medium Earth orbit (MEO) refers to the region of space between LEO and GEO altitudes.
Only one space mission clusters in MEO: Global Navigation Satellite Systems (GNSS)."* GNSS
operate as constellations; a user on Earth must normally have line-of-sight to three or more sat-
ellites in the constellation to calculate location. From MEO, a GNSS constellation of manageable
size can keep three or more satellites in view of almost any point on Earth. However, satellites in
MEO encounter Van Allen Belt radiation more than satellites in any other contemporary Earth
orbit. The balance of constellation size and global coverage is so favorable in MEO that nations
deploying GNSS constellations accept as an operational necessity the additive cost and techni-
cal complexity of incorporating radiation shielding into the design of GNSS satellites. It is only
because satellites performing this important mission cluster in MEO that its designation as such
is in common use. Its nominal distinctive is its intermediacy: medium Earth orbit is the space
between LEO and GEO.

Clustered Use as a Basis for Delineating Regions of Space

To the extent the terms xGEO or cislunar suffice today to describe regions of space be-
yond contemporary Earth orbits, it is because space operations there have not reached levels
that cluster into patterns. However, this paper looks ahead to a time when missions to these
regions of space are expected to expand substantially, forming patterns of clustered use in and
between regions of xGEO and cislunar space. This clustering will probably not develop in all
regions of space at the same pace. Use of new areas of space is likely to cluster in and between
some regions before others."” This sequenced normalization of operations in new regions of
space motivates this paper’s usage of the term Space Frontier Areas in the context of the stra-
tegic analysis provided here.

As uses cluster in some regions or trajectories of Space Frontier Areas, those regions will
lose their “frontier” quality. New patterns of motion beyond Earth orbit will become new “key
orbital trajectories,” with new titles based on how these activities cluster into recognizable pat-
terns. Sustained activity in novel trajectories and outposts on celestial bodies will bring new
Space Frontier Areas, ever more distant from Earth, within the reach of human-directed activ-

ity. New terms of delineation for both regions of void space and areas of celestial bodies are
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likely to emerge as new uses cluster in formerly frontier areas.® At the same time, other areas of
xGEO and cislunar space may endure as Space Frontier Areas, perhaps for decades or centuries,

if missions there remain challenging, exceptional, and rare.

xGEO: An Astrodynamic “Et Cetera”

The concept of xGEO has salience in space operations because GEO has become an infor-
mal boundary in present-day strategic thought about space operations. Typical definitions of
xGEO in the literature on spacepower include no outer limit. United States doctrine for Joint
Space Operations describes xGEO as extending from “35,780 kilometers . . . to infinity,” encom-
passing cislunar space (including Earth’s Moon), but also Jupiter, and Pluto, and other galaxies.”
Some of these celestial bodies, and the vast regions of space between and around them, are of
greater near-term strategic interest than others, though regions of space nearest to Earth are
of greatest near-term strategic interest.”> The concept of xGEO space is useful today for distin-
guishing activities in the legacy Earth orbits from activities in Space Frontier Areas. However,
distinction of one vast region of space from another is probably the limit of its utility: a concept
defined in terms of its opposite “can have no fixed character”?

Certain qualities of GEO probably contribute to its salience as a point of astrographic de-
lineation. The GEO belt is in some ways a distant planar extension of the equator, itself a major
conceptual boundary in terrestrial geography. Visual depictions of satellites in GEO resemble
a narrow Saturn-like ring around Earth: it looks like a boundary. The vast majority of all space-
craft ever launched in human history have launched to one of the near-Earth orbital regimes;
most of their dwell time is at or below GEO altitude.? These factors may tend to foster the per-
ception of GEO as an outer limit for “routine” space operations.

GEO is not the astrodynamic limit of “Earth orbit” Earth’s gravity dominates the move-
ment of resident space objects far beyond GEO. Out to distances of about 100,000 km from
Earth, approximately 2.7 times the distance from Earth to GEO, spacecraft can sustain Earth
orbit under principles of space flight substantially similar to those governing contemporary
near-Earth orbits. At about 100,000 km from Earth lies what some have coined the “Worden
Line,” so-named for Dr. Simon “Pete” Worden, to whom is attributed the observation that at
approximately this altitude, options for spacecraft maneuver change, requiring less energy for
more substantial maneuver.”

However, even beyond the Worden Line the gravity of Earth predominates motion. Only
beyond the Earth’s Hill Sphere (found at approximately 1.5 million km from Earth—42 times
the distance of GEO from Earth) is the attractive force of Earth’s gravity sufficiently attenuated
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that “a spacecraft will eventually be drawn to another gravitational field” in heliospheric space
(where the gravity of the Sun predominates).*

Thus, the term xGEO functions as a sort of astrodynamic et cetera, suggesting (not without
cause) that the key orbits and trajectories, space mission types, and strategic considerations that
will eventually mature in distant regions of space are not yet fully understood. However, one

region of XxGEO space is of special interest for strategic purposes: cislunar space.

Cislunar: The Next Frontier

As a general proposition, cislunar refers to Earth’s Moon, free space in the vicinity of the
Moon, and regions of free space within the Earth-Moon system (including the free space around
the Earth-Moon Lagrange points). However, the literature includes many varied and bespoke
definitions (see figure 4). In the absence of a generally agreed definition of cislunar space, writ-

ers tend to adopt or propose one harmonious with their project’s focus.

Figure 4. Selected Definitions of Cislunar

“[TIhe region of space in the Earth-Moon system beyond GEO, including the
Moon'’s orbit and all of the Earth-Moon Lagrange points.”’ This definition is from a Johns
Hopkins University Applied Physics Laboratory report and, like many definitions of “cis-
lunar,” has GEO as an inner boundary. However, objects traveling in orbits or trajectories
in cislunar space may nevertheless pass through space nearer to Earth than GEO.

“The spherical volume of space extending from geosynchronous Earth orbit to
and including the Moon'’s orbit and the Earth-Moon Lagrange points.”? This definition
is from a technical paper on cislunar activities and is notable for including “spherical
volume” in its parameters. However, the features of the Earth-Moon system recited in
this definition all lie within a few degrees of the Earth-Moon system’s ecliptic plane. A
visualization from a Chinese journal seeks to capture both the spherical and ecliptic
plane aspects of cislunar space (see figure 5).

“The combined Earth-Moon two body gravitational system.”® This definition is
from the capstone doctrine publication of the U.S. Space Force and achieves technical
accuracy through breadth rather than descriptive precision of the particular gravita-
tional features of cislunar space.

“The region of space beyond low-Earth orbit out to and including the region

around the surface of the Moon! This definition from the NASA Authorization Act of
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2022 begins at “low-Earth orbit.” It is unclear whether this is an unconventional refer-
ence to all near-Earth orbits or whether this definition intentionally includes regions of
space below GEO altitudes relevant for lunar missions. This definition is also not clear as
to whether it contemplates a “lunar corridor” between Earth and the Moon or whether
space “out to” the Moon includes the broader conceptions of Earth-Moon system space
found in other definitions.

“The Cislunar region is considered to be space in which the gravitational effect of
the Sun, Earth, and Moon have significant influence over a spacecraft. The region can be
further refined to typically trafficked areas within the vicinity of the Moon"* (see figure
6). This definition seeks to capture the full astrodynamic scope of the region while carv-
ing a smaller (less than half of cislunar space) “trafficked area” in which spacecraft have
actually operated or are expected to operate. The “trafficked area” label is an example of
delineation (at a very generalized level) by clustered use.

The preceding definitions do not explicitly refer to the lunar surface as part
of “cislunar space.” However, some definitions do, such as the definition of “cislunar
space” found in the National Cislunar Science and Technology Strategy: “The three-
dimensional volume of space beyond Earth’s geosynchronous orbit that is mainly un-
der the gravitational influence of the Earth and/or the Moon. Cislunar space includes
the Earth-Moon Lagrange point regions, . . . trajectories utilizing those regions, and

the Lunar surface.”®

Notes

! Steve Parr and Emma Rainey, eds., Cislunar Security National Technical Vision (Baltimore: Johns Hop-
kins Applied Physics Laboratory, November 2022), 1-2, https://www.jhuapl.edu/sites/default/files/2022-12/
CislunarSecurityNationalTechnicalVision.pdf.

2 Adam P. Wilmer, “Space Domain Awareness Assessment of Cislunar Periodic Orbits for Lagrange
Point Surveillance for Lagrange Point Surveillance” (Master’s thesis, Air Force Institute of Technology, 2021),
1, https://apps.dtic.mil/sti/pdfs/AD1166533.pdf.

3 Spacepower: Doctrine for Space Forces (Washington, DC: U.S. Space Force, June 2020), 6, https://www.
spaceforce.mil/portals/1/space%20capstone%20publication_10%20aug%202020.pdf.

4NASA Act of 2022, Pub. L. No. 117-167, 136. Stat. 1372 (August 9, 2022) § 10802 (4).

> Jacobo Varela et al., "MHD Study of Planetary Magnetospheric Response During Extreme Solar Wind
Conditions: Earth and Exoplanet Magnetospheres Applications,' Astronomy & Astrophysics 659 (March 2022),
A10, https://doi.org/10.1051/0004-6361/202141181.

6 National Cislunar Science & Technology Strategy (Washington, DC: National Science & Technology
Council, November 2022), 3, https://bidenwhitehouse.archives.gov/wp-content/uploads/2022/11/11-
2022-NSTC-National-Cislunar-ST-Strategy.pdf.

11



Strategic Perspectives, No. 45

Figure 5. Conception of cislunar space capturing its spherical and ecliptical aspects

Source: Jacobo Varela et al., “MHD Study of Planetary Magnetospheric Response During Extreme Solar
Wind Conditions: Earth and Exoplanet Magnetospheres Applications,” Astronomy & Astrophysics 659
(March 2022), A10, https://doi.org/10.1051/0004-6361/202141181.

Figure 6. Conception of cislunar space including “space trafficked area” (a type of
delineation by clustered use) shaded in yellow
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Source: Brian Baker-McEvilly et al., “A Comprehensive Review on Cislunar Expansion and Space
Domain Awareness,” Progress in Aerospace Sciences 147 (May 2024), figure 1, https://doi.org/10.1016/].
paerosci.2024.101019.
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Regardless of the particular definition applied, the term cislunar is at best useful as a com-
parative term of reference. It distinguishes near-Earth space from adjacent Space Frontier Ar-
eas. However, no single label is likely to suffice for a region with as much astrodynamic diversity
as cislunar space. Rather, as space operations expand beyond GEO, the patterns of clustered

activity that emerge will probably become the basis for further delineation of cislunar space.

Defining Space Area Frontier

The concept of “area” in the phrase Space Frontier Area should be understood broadly. An
area of space could be a three-dimensional volume of void space, a particular orbit or family
of orbits, or portions of the atmosphere (if any), surface, or sub-surface of a celestial body. For

purposes of this paper, Space Frontier Area means a region of space or a celestial body, which:

m possesses astrodynamic, positional, or physical characteristics making it potentially

useful for a strategically significant purpose

m has been reached by human-directed space missions, or is the focus of current or

planned missions

m is only reachable with sufficient expense or difficulty that it is not yet the subject of

routine uses for strategically significant activities.

The concept of Space Frontier Area will remain meaningful as space operations are nor-
malized there and some regions or trajectories in xGEO and cislunar space gain new titles. It
provides a useful definitional limit for the portions of xGEO space relevant for near-future
strategic thought. It is also a durably useful term of reference to distinguish enduring “frontier”
areas of cislunar space from areas of the Earth-Moon system in which new uses begin to cluster.
The term Space Frontier Areas also connotes a quality common to all frontiers: moving into a

frontier is often a high-stake bet on the future.

Characterizing Space Frontier Areas (SFA)

Building on this definitional foundation, how do the physical and dynamic characteristics
of Space Frontier Areas differ from space near Earth? And how do these physical and dynamic
characteristics bear on matters of strategy? The discussion below highlights some important
characteristics of Space Frontier Areas, though the examples given are necessarily illustrative

rather than exhaustive.
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SFA in Earth Orbit

One does not need to encounter the effects of lunar gravity in cislunar space to find a
Space Frontier Area. Earth orbit, under principles of physics comparable to the contemporary
near-Earth orbital regimes, is possible at altitudes much greater than GEO: Earth’s gravity
dominates the motion of resident space objects as far as 100,000 km from Earth. Most space
between GEO and 100,000 km from Earth is a Space Frontier Area, which could become useful
for many purposes.

For example, future necessity may incentivize development of satellites designed to pro-
vide space services to terrestrial users (or to spacecraft in near-Earth orbit) from beyond GEO.
Such necessity could arise from debris-producing events contaminating lower-altitude orbits to
an extent that they become impractical for spacecraft operations. In the future, need may arise
to operate certain systems at increased standoft distance from antisatellite weapons on Earth or
in lower-altitude orbits. Conflict on Earth could damage launch sites or make their use unac-
ceptably risky; prestaging satellites as a ready reserve in the relative safety of distant Earth orbit
beyond GEO could be an important technique for reconstitution of battle-damaged satellites in
contemporary key orbital trajectories.” These distant Earth orbits could also be a source of new
vulnerabilities: an adversary could initiate an attack on satellites in near-Earth orbits (or against
targets on Earth itself) from the relative safety, concealment, and gravitational advantage of

distant regions of space beyond GEO.?

The Moon as SFA
The Moon orbits Earth? at a distance of about 238,900 km, and is tidally locked (that is,

the Moon’s rotation on its axis matches that of its orbit around the Earth). As a result, Earth
only ever sees one side of the Moon (its “near side”), while areas of Earth visible from the Moon
change continually with the Earth’s rotation.’*® The Moon is less massive than Earth, exerting a
force of gravitational attraction only 1/6 that of Earth.

Under the legal regime established in the Outer Space Treaty of 1967,*' the Moon and
other celestial bodies are treated as part of “outer space” for most purposes.*> Consistent with
this approach, “cislunar space” is sometimes defined to include the Moon itself.*® However,
a gravity-producing rocky “planetary mass object” such as the Moon enables different types
of activities than are possible in free space.** One can go to the Moon and on the surface of
the Moon do things more like activities on Earth than like spacecraft operations. Though the
Moon orbits Earth and the Earth-Moon system orbits the Sun, a person or object on the sur-

face of Earth or on the surface of the Moon is not considered to be “in orbit” Rather, such a
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person or object is said to be “on” that celestial body. The physical and dynamic properties of
free space and celestial bodies are fundamentally different.”> Celestial bodies are not a source
of conflict today, “as their effective control is as yet beyond the technical capabilities of even
the most advanced spacefaring states”** However, that may change as access to the Moon and
other celestial bodies increases.

NASA's Apollo missions of the late 1960s and early 1970s, the only human Moon landings
to date, made the prospect of human colonization of the Moon seem possible. However, half
a century later missions to the Moon remain rare and exceptional. Since 1980, only 30 space
missions have reached lunar space; only 10 saw fully or partially successful controlled landings
on the Moon. Of these post-Apollo missions, only two (both operated by China) have returned
specimens from the Moon to Earth.”

Most experts believe that important physical resources like water ice, rare earth ele-
ments, and Helium-3 (*He) are present on the Moon. However, those resources do not appear
to be evenly distributed on the lunar surface.*® Water ice is believed to be concentrated at the
lunar poles, in deep craters that exist in perpetual darkness.” Similarly, certain high-altitude
points of the lunar surface near the lunar poles are “peaks of eternal light” These are illumi-
nated by the Sun perpetually, providing uninterrupted access to solar energy. The peaks of
eternal light never endure the bitterly cold lunar night (which lasts for as long as 14 Earth
days).* Such selenographic considerations may intensify competition for access to relatively
small regions of the lunar surface.”’ These regions of the Moon may become the location of
new, clustered uses while other parts of the lunar surface and subsurface may endure as Space

Frontier Areas for a long time.

Lunar Orbit as SFA

The rocky mass of the Moon is not evenly distributed, resulting in varying mass concen-
trations (MASCONSs) for different regions of the lunar surface. Since gravity is a function of
mass, this results in variations in lunar gravity over different regions of the Moon. Although
the Moon has no atmosphere exerting drag on satellites in lunar orbit, its small mass relative
to Earth and uneven distribution of that mass mean that frozen orbit (that is, stable, repeating
orbit) around the Moon is only possible at four inclinations in the near-lunar environment.*
As distance from the Moon increases, the significance of the Moon’s variable MASCONSs are
attenuated, but the gravity of Earth becomes a factor in the motion of objects in space. Under-
standing motion in this “three-body problem” is one of the most important aspects of under-

standing Space Frontier Areas.
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Motion in the Three-Body Problem

Before discussing motion in the three-body problem, a comparative description of the two-
body problem is in order. In Earth orbit, the motion of a satellite is governed by the “two-body
problem,” the mathematical expression of how satellites orbit a planet. The planet and the satellite
comprise the two “bodies” in the problem; their mass and velocity are the key variables in the
equation. When the force of Earth’s gravitational attraction on a satellite is in equilibrium with
the force of acceleration tending to throw the satellite away from Earth, the trajectory of the satel-
lite becomes a continuous free-fall around the planet: it orbits the Earth. The two-body problem
equation usually suffices to describe the motion of planets in our solar system around the Sun. It
also suffices to describe the orbit of natural and artificial satellites around planets.

However, at great distance from Earth other variables not accounted for in the two-body
problem become significant. Newton’s Universal Law of Gravitation tells us that every point
mass in the universe attracts every other point mass in the universe by a force proportional to
the product of the two masses and inversely proportional to the square of the distance between
them.* At great distances the attractive force of gravity that a planet exerts on its natural or
artificial satellites becomes very attenuated, and other forces (such as gravitational attraction to
another celestial body) become relevant to understanding a satellite’s motion. These minor per-
turbing forces reach artificial satellites in Earth orbit as well. Their impact is usually negligible in
the short term but accumulates to significance over time. Satellites in most orbital regimes must
perform occasional station-keeping maneuvers to sustain a precisely designed orbit.**

Forces that are minor perturbing forces in near-Earth orbit become significant variables at
greater distances. In a system like the Earth-Moon system, “in which two bodies revolve around
their center of mass under the influence of their mutual gravitational attraction,” the motion of
a third body, such as a spacecraft, “attracted by the previous two but not influencing their mo-
tion” is mathematically expressed as a three-body problem.* Unlike the two-body problem, for
which closed-form analytical solutions exist, there is no known closed-form analytical solution
to the three-body problem.*® Motion is only explained (and space operations in three-body
problem trajectories are only possible) due to mathematical principles of numerical integration
that permit “certain general, qualitative statements regarding the motion without actually solv-
ing the equations of motion."

Even more realistic trajectories can be postulated by also taking the Sun’s gravity into ac-
count in a “four-body problem” (Sun, Earth, Moon, and spacecraft). The four-body problem

(or a more complex n-body problem) may be required to explain motion at extreme distances
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Figure 7. Lagrange points of the Earth-Moon system, at approximate scale, with
Sun-Earth Lagrange Points 1 and 2 to illustrate much larger scale of Lagrange
Points of the Sun-Earth system. The pattern of Lagrange Points and their
enumeration (1 to 5) is the same for each two-body system.

SUN-EARTH

SUN-EARTH
Ly
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TO SUN

“MOON'S ORBIT
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Source: Martin Lo and Shane Ross, “The Lunar L1 Gateway—Portal to the Stars and Beyond,” ATAA
Space 2001 Conference and Exposition, Albuquerque, New Mexico, 2001, figure 2, http://dx.doi.
0rg/10.2514/6.2001-4768.

from Earth. At this scale, trajectories around the major gravitational features may take months
or years to resolve.” However, within most volumes of Space Frontier Areas, the three-body
problem suffices for understanding the motion of spacecraft.

The concept of “gravitational features” is important in volumes of space where three-body
problem motion occurs. In a two-body system like the Earth-Moon system, the two large celes-
tial bodies exert predominant gravitational attraction. At five locations in the ecliptic plane of
a two-body system, gravitational features known as Lagrange points arise where the combined
gravitational attraction of the two bodies and the inertial effects associated with their mutual
orbital motion balance. In the rotating reference frame of the system, an object in the vicinity of
a Lagrange point can maintain a stable or quasi-stable orbit about a location in free space that
preserves a fixed geometric relationship with respect to both primary bodies.* There are five La-
grange points around the Earth-Moon system, and five Lagrange points around the Sun-Earth
system (and around every Sun-planet system in our solar system) (see figure 7).

Motion in the two-body problem is always elliptical, and always planar. Neither of these
propositions is necessarily true of motion in the three-body problem.”® Further, orbits in the

three-body problem do not necessarily encircle a single point: objects in the three-body prob-
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lem may transit two or more gravitational features (celestial bodies or Lagrange points) in peri-
odic orbits, quasi-periodic orbits, or nonrecurring trajectories.” The interaction of gravitational
forces in the three-body problem is more complex, and the effect of perturbing forces is more
pronounced, than in the two-body problem. As a result, trajectories in three-body motion tend
to propagate in a chaotic manner.*

Depending on how an object encounters space near a gravitational feature, the object will
tend to be pulled toward the feature, pulled away from the feature, or kept in motion near the
feature. These differing trajectory propagation outcomes are referred to, respectively, as stable,
unstable, and center manifolds. Within certain levels of predictive relevance, these manifolds
can be calculated and predicted. Spacecraft trajectories can be designed to approach an identi-
fied manifold with the qualities appropriate for the desired trajectory (to either remain in vicin-
ity of the gravitational feature, or to follow a curved trajectory around it). By these maneuvers,
a spacecraft can remain in orbit around a Lagrange point, sustain multilobed orbit around two
or more gravitational features, maneuver in nonrepeating trajectories throughout the system,
or transfer from one region of space to another with very low expenditure of propellant. Due to
the chaotic propagation of trajectories in these gravitationally complex environments, it is dif-
ficult to predict the actual trajectory a spacecraft will experience when navigating in or around
a gravitational feature. Frequent, small maneuvers are often necessary to sustain a particular
desired trajectory in Space Frontier Areas.”

This chaotic propagation of trajectories in Space Frontier Areas is a source of both risk
and opportunity. If a spacecraft is observed conducting a maneuver, it can be difficult to assess
whether it is merely conducting station-keeping, or initiating a potentially concerning trajec-
tory change.” Trajectories in Space Frontier Areas may take days or weeks to resolve, requiring
substantial space domain awareness resources to detect and characterize spacecraft activities.>

However, the complex gravitational effects producing chaotic propagation of trajectories
also enable useful low-energy transfer trajectories: transit across and between regions of space
with very little expenditure of propellant. NASA has long used low-energy transfers around ce-
lestial bodies to enable missions of science and exploration in the solar system. Gravity-assisted
low-energy transfer maneuvers in Space Frontier Areas were used commercially as early as the
1997 recovery of AsiaSat-3 (see figures 8-10). The ability to harness the astrodynamic potential
of motion in the three-body problem invites a new way of thinking about proximity in space
operations: as a function of energy or time rather than physical distance. “Certain points that
are far away in distance (and time) are quite close together in terms of the propulsive effort re-

quired to move from one to the other
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Figure 8. Hughes AsiaSat-3 Salvage

The use of cislunar space for low-energy transfers between orbital regimes has
been understood for many years. A well-known early example of this was the Hughes
AsiaSat salvage operation.

AsiaSat-3 was a communications satellite launched in 1997 by Hong Kong-based
Asia Satellite Telecommunications Company, Ltd. It suffered a mission anomaly, and in-
stead of successful insertion into its planned Geostationary Earth Orbit (GEO), AsiaSat-3
ended up in an unusable orbit at 51° inclination. After its insurers declared the satel-
lite a total loss and made payment to AsiaSat, the insurers transferred the satellite to
Hughes Electronics Corporation (which had designed the satellite) under an arrange-
ment whereby Hughes and the insurance underwriters would share profits if AsiaSat-3
could be recovered.

AsiaSat-3 lacked sufficient onboard fuel for conventional maneuvers to change its
altitude and inclination to reach GEO. However, engineers at Hughes were able to oc-
casionally fire AsiaSat-3's motors to increasingly elongate AsiaSat-3's orbit around Earth
until the satellite was at sufficient distance from Earth that its orbit encompassed space
at lunar distances.

AsiaSat-3 completed three passages through cislunar space at distances reaching
the orbital path of the Moon. The first was a 6-day transit to lunar space for an initial
pass around the Moon itself (6,200 kilometers from the Moon at closest approach). On
this initial lunar pass, the gravity of the Moon pulled AsiaSat-3 around the far side of
the Moon until the combined forces of AsiaSat-3's velocity and Earth’s gravity pulled
AsiaSat-3 back toward Earth. After its initial lunar pass AsiaSat-3 entered a phasing orbit
which, over 2 weeks, again passed through space at lunar distance (though at a time of
the system's monthly orbital cycle that it did not, on that pass, make close approach to
the Moon). On its third pass through space at lunar distances, AsiaSat-3 again passed
around the Moon (within 36,000 kilometers at closest approach). After this second tran-
sit around the Moon, AsiaSat-3 was oriented such that it could be inserted into GEO (at
152° West, over the equatorial Pacific south of the Hawaiian Islands) one month after its
initial lunar encounter.

Although Hughes'’s salvage operation returned AsiaSat-3 to GEO, the operation con-
sumed about half of the satellite’s propellant, leaving it unsuited for its intended use as a
broadcast satellite. (A broadcast satellite requires recurring station-keeping maneuvers

to sustain a precise location in GEO.) Additionally, one of its solar panels did not deploy
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correctly, possibly due to heating and cooling cycles experienced during cislunar transit
exceeding the satellite’s operating design. Through its Hughes Global Services business
line, Hughes redesignated the satellite as HGS-1 and offered its services as a communi-
cations satellite (a mission more tolerant than broadcast of east-west drift in GEO). After
about a year, the satellite was sold to PanAmSat, which operated it as PAS-22 at 60° West
(over Guyana and northern Brazil) for 3 years. As its propellant neared depletion, PAS
22 was decommissioned and boosted to a graveyard orbit about 300 kilometers above

GEO, where it remains today.

Sources: This narrative is derived from Shawn Willis, “To the Moon: Strategic Competition in the Cislunar
Region,” A£ther: A Journal of Strategic Airpower & Spacepower 2 (Winter 2023), 17-30, https://www.jstor.org/
stable/48751535>; Rex Ridenoure, "Beyond GEO, Commercially: 15 Years...and Counting," The Space Review,
May 13, 2013, <https://www.thespacereview.com/article/2295/1; Gunter Krebs, "AsiaSat 3, 3S/HGS 1/PAS 22,
Gunter’s Space Page, n.d., https://space.skyrocket.de/doc_sdat/asiasat-3.htm.

Figure 9. Side view of key milestones for AsiaSat-3 salvage mission
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Source: Rex Ridenoure, “Beyond GEO, Commercially: 15 Years... and Counting,” The Space Review,
May 13, 2013, https://www.thespacereview.com/article/2295/1. (The original low-resolution image was
digitally enhanced for inclusion here by ChatGPT Enterprise).
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Figure 10. Top view of key milestones for AsiaSat-3 salvage mission
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Source: Rex Ridenoure, “Beyond GEO, Commercially: 15 Years... and Counting,” The Space Review,
May 13, 2013, https://www.thespacereview.com/article/2295/1.

Lagrange Points in Space Frontier Areas

The term Lagrange point is somewhat misleading. Although the gravitational phenomenon
the term describes can be definitionally centered on a point, it is the ability to orbit or maneuver
around the point that is of importance. And there is a lot of space in a “Lagrange zone” around
a Lagrange point. The volume of space in which periodic or quasi-periodic orbits are possible
in the vicinity of any of the Lagrange points is many times the volume of space in any of the
major contemporary orbital regimes (see figure 11). At GEO, a satellite’s orbital period lasts a
single day; in orbit families around Lagrange points, orbital periods may endure for many days
or weeks.”” Orbit and maneuver near a Lagrange point is more like patrolling an ocean than
landing on an island.”® Lagrange orbits are least stable around the co-linear Lagrange points (L1,
L2, and L3, in line with the two major celestial bodies of the system). Lagrange orbits are most
stable in space closest to L4 and L5 (each occurring at the far angle of an equilateral triangle

formed by the two major celestial bodies of the system and the Lagrange point).*
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Figure 11. Top view of Earth-Moon system Lagrange Points, at approximate scale
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Note: GEO belt around Earth, for scale.

Source: George E. Pollock IV and James A. Vedda, Cislunar Stewardship: Planning for Sustainability
and International Cooperation (Arlington, VA: Center for Space Policy and Strategy, June 2020), 2,
https://csps.aerospace.org/sites/default/files/2021-08/Pollock-Vedda_CislunarStewardship_20200601.pdf.

The Lagrange points of cislunar space maintain a constant position relative to Earth and
the Moon throughout their revolution. Since the rotational period of Earth’s tidally locked
Moon is so long, there is no lunar equivalent to GEO.®” Lunar missions requiring a GEO-like
constant view of the same area of the lunar surface might be possible from Lagrange orbits.

Objects in Earth orbit follow repeating, elliptical trajectories in a single plane. However,
three-body problem orbits and trajectories in Space Frontier Areas are not always elliptical, and
not always planar. These orbits may be near-elliptical, “kidney-bean” shaped, or follow “reso-
nant” trajectories around multiple gravitational features. In the Earth-Moon system they may
curve north or south (or both) from the ecliptic plane of the system’s orbit around the Sun. The
combination of vast distances and frequent, small spacecraft maneuvers in three-body problem
motion could make patrols traversing Space Frontier Areas in nonrepeating trajectories as fea-

sible as sustained orbit around gravitational features.
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The variety of orbital trajectories that propagate around the Lagrange points of the Earth-

of the ecliptical plane (figure 12).

Moon system is vast; see figure 12 for a very small sample of the multitude of orbits possible in
the three-body problem. Lyapunov orbits propagate as elliptical or (as distance increases from
the Lagrange point) kidney-shaped orbits, within the ecliptical plane of the Earth-Moon sys-
tem’s rotation. Axial orbits propagate north and south of the ecliptical plane, becoming more
eccentric in their shape as distance from the Lagrange point increases. Halo orbits propagate

from the co-linear Lagrange points (L1, L2, or L3), in nonplanar elliptical orbits north or south

Figure 12. Very small sample of orbit types in vicinity of Earth-Moon L1 and L2.

In each image, the two diamonds represent Earth-Moon L1 and L2; the Moon is
immediately between them; Earth is in the direction of negative-X.
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Source: “Three-Body Periodic Orbits,” NASA Jet Propulsion Laboratory, California Institute of Technol-
ogy, n.d,, https://ssd.jpl.nasa.gov/tools/periodic_orbits.html.

Near the smaller body in a two-body celestial system, the halo orbits propagating from
L1 and L2 form a near-rectilinear halo orbit (NRHO) that enables frequent close approach
to the Moon. In the rotating frame of reference, in which the Moon rotates around the
Earth, the NRHO orbital path makes a wave-like pattern keeping a satellite near the Moon
throughout its orbit. In the inertial frame of reference (holding the Moon at a fixed position
in order to understand the orbit), NRHO resembles an elliptical orbit around space near but
slightly offset from the Moon itself. NASA is currently operating its Cislunar Autonomous
Positioning System Technology Operations and Navigation Experiment (CAPSTONE) or-
bit demonstrator in NRHO near the Moon; this is the orbit projected for Gateway, NASA’s
crewed lunar orbiter.®!

As distance from Lagrange points L1 and L2 increases, orbits around them in the ecliptical
plane of the system merge into a single retrograde orbital trajectory (that is, the trajectory is in
the opposite direction of the system’s overall rotation) that interacts with both L1 and L2. As dis-
tance from the smaller of the central bodies increases, this distant retrograde orbit (DRO) may
become non-elliptical. China recently launched two technology demonstrators into distant ret-
rograde orbit: DRO A and B, so named by Western observers for the orbit they follow. Although
the orbital path of distant retrograde orbit encircles the Moon, it is a three-body problem orbit,

not a two-body problem frozen lunar orbit.
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Multilobal orbits traverse multiple gravitational features, and (as the system rotates
around its barycenter) create complex patterns of motion in highly idealized orbit design mod-
els; these orbital patterns become more chaotic as increasingly more realistic models are ap-
plied to them (figure 13).5

Figure 13. Two cislunar periodic orbits, illustrating complexity. The chaotic
propagation of trajectories becomes more apparent as increasingly more realistic
models are applied. In each image, the green dot at center represents Earth, the
small blue dot represents the Moon, and the plus signs indicate Lagrange Points

of the Earth-Moon system. The “CR3BP” model depicts an orbit in the Circular-
Restricted 3-Body Problem, in which the orbits of the Earth and Moon are assumed
to be perfectly circular. The “ER3BP” model depicts the same orbit, but in the
Elliptical-Restricted 3-Body Problem, which assumes a more realistic elliptical orbit
of the Moon around Earth. The “BCR4BP” model depicts the same orbit, but in the
Bi-Circular Restricted 4-Body Problem. The BCR4BP expands on simpler models
by accounting for the Sun’s gravity but assumes the orbit of the Moon around Earth
(the first circle) and the orbit of the Earth-Moon system around the Sun (the second
circle) are perfectly circular. Dozens of such orbits were identified in the thesis from
which these are derived; an infinite number are possible.
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Source: Adam P. Wilmer, “Space Domain Awareness Assessment of Cislunar Periodic Orbits for
Lagrange Point Surveillance for Lagrange Point Surveillance” (Master’s thesis, Air Force Institute of
Technology, 2021), 1, https://apps.dtic.mil/sti/pdfs/AD1166533.pdf.

Exclusion 1 Exclusion 1 mitigated
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In the vast volume of space in the Earth-Moon system, objects may dwell for long periods
of time in regions of space where optical or infrared sensors on Earth (or in Earth orbit) cannot
easily detect them due to illumination from the Sun or Moon: this phenomenon is referred to
as solar exclusion (or lunar exclusion). Other detection and tracking phenomenologies do not
tully mitigate solar or lunar exclusion from optical sensor view: radar detection of small objects
is impractical at vast distances, and radiofrequency spectrum detection is only possible if the

object is actively transmitting a detectable signal.

Exclusion Zones in Cislunar Space

In the contemporary Earth orbital regimes, it is possible for sensors on Earth or in Earth
orbit to see almost any spacecraft in Earth orbit for most of any given day. However, in space be-
yond GEO, spacecraft may dwell for days or weeks in a zone of solar or lunar exclusion. An “ex-
clusion zone” as used here refers to a volume of space in which optical sensors cannot detect a
spacecraft because the illumination of the Sun or the Moon is brighter than the spacecraft to be
detected. Exclusion in this sense is specific to a particular observer and depends on the location
and capability of the sensors available to that observer. Today, most optical sensors are either on
the surface of the Earth or in near-Earth orbit. Thus, spacecraft positioned between Earth and
the Sun, or between Earth and a fully illuminated Moon, are in solar or lunar exclusion.

Some scholars speculate about the potential for an adversary to conceal space-based weap-
ons in the vast volumes of cislunar space where they would be difficult to detect or track. Others
question the practical utility of such a tactic (finding “little or no advantage over assets launched
from the surface or already in orbit around the Earth to begin with”).®> However, the potential
impracticality of concealing an attack within an exclusion zone may not deter an adversary
from making such an attempt. The deployment of sensors throughout Space Frontier Areas in
the Earth-Moon system could mitigate solar and lunar exclusion by providing additional fields
of regard unobscured by solar or lunar illumination, thereby reducing the total areas of space in
solar or lunar exclusion at any given time (see figure 14).

In addition to gravitational influences, other forces in the Earth-Moon system may impact
space objects. Meteoroids tend to cluster at the most stable Lagrange points of any system (L4
and L5), forming a naturally occurring debris hazard.®* Variable factors such as radiation pres-
sure from solar activity, or long-duration heating-cooling cycles experienced during transit of
vast areas of space, also influence the motion and performance of spacecraft. The gravity of
Earth and the Moon predominate in the Earth-Moon System, but the gravity of the Sun also

influences the motion of objects to some degree, contributing to the chaotic propagation of
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trajectories in Space Frontier Areas. Even concepts as fundamental as “time” change in Space
Frontier Areas: time passes at different rates for objects moving at differing speeds, consistent
with Einstein’s theory of special relativity.® Each of these nongravitational influences grows in

significance with distance from the central masses of a planetary system.

Figure 14. Potential reduction in solar exclusion from notional deployment of a space
situational awareness sensor at Earth-Moon Lagrange Point 1. The red cones in the two
images at left depict unmitigated areas of solar exclusion at two different epochs. The
images on the right depict potential mitigation of solar exclusion, with the green area
depicting gain in observability from the deployment of a sensor at Earth-Moon L1. In
each image, the yellow dot indicates the direction of the Sun.

Exclusion 1 Exclusion 1 mitigated

Exclusion 2 Exclusion 2 mitigated

Source: Images derived from Jaime A. Stearns et al., AFRL Perspectives on Space Situational Awareness
and Apophis (Kirtland Air Force Base, NM: Air Force Research Laboratory Space Vehicles Directorate,
2023). The author made further edits.
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Space Frontier Areas in the Earth-Sun System

The entire Earth-Moon system orbits the Sun, moving in a band of solar system space within
an even more vast Space Frontier Area. The limits of Space Frontier Areas on any relatively near-
future time horizon almost certainly fall within our solar system. Like the Earth-Moon system,
there are five Lagrange points in the Sun-Earth system. The distances to the Sun-Earth Lagrange
points are orders of magnitude greater than any distances in cislunar space (see figure 15).

The nearest Sun-Earth Lagrange point (S-E L1) is 1.5 million km from Earth: a distance
twice the entirety of cislunar space. Sun-Earth Lagrange points 4 and 5 are as far from Earth as
the Sun (1.5 million km, a distance also known as one astronomical unit). During portions of
their heliocentric orbit, Mars, Venus, and Mercury each come closer to Earth than Sun-Earth
Lagrange points 4 and 5. However, at present no reasonably foreseeable strategic use is contem-
plated for Mercury, Venus, or Sun-Earth Lagrange point 3 (located on the far side of the Sun from
Earth). The most distant areas of sufficient strategic interest to treat as Space Frontier Areas today
are Mars,* our solar system’s asteroid belt, and the areas of space in the vicinity the Sun-Earth

Lagrange points on the Earth side of the Sun (that is, Sun-Earth L1, L2, L4, and L5).

Figure 15. Lagrange points of the Sun-Earth system
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Lagrange Points, is embedded to illustrate the scale of cislunar space within our solar system.

Source: Author.
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Figure 16. Candidate orbits for the Changle-5 orbiter’s mission to Lissajous orbit
around Sun-Earth Lagrange Point 1. The approximate orbital trajectory actually
followed by Chang’e-5 is depicted here as “SEL-2”
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Source: Lei Liu et al., “Design and Implementation of Chinese Libration Point Missions,” Sciernce
China Information Sciences 66, no. 9 (2023), 5-6, https://doi.org/10.1007/s11432-022-3716-9.

Space in vicinity of the Sun-Earth Lagrange points have, so far, mainly been used for mis-
sions of science observation. NASAs SOHO® and DSCOVR® spacecraft conduct solar and
climate science observation from Sun-Earth L1, enjoying a continuously illuminated view of
Earth and a field of solar regard unobscured by illumination or radiofrequency interference
from Earth. NASAs James Webb Space Telescope® operates at Sun-Earth L2, from which it
has a field of regard of deep space unimpeded by solar or lunar illumination or radiofrequency
interference from Earth. Around Sun-Earth Lagrange point 1, an object can dwell in perpetual
solar exclusion with respect to most sensors in Earth-Moon space. Deploying sensors able to
detect and track non-cooperative objects at Sun-Earth L1 may require novel orbits incorporat-
ing other Sun-Earth Lagrange points.

The United States is not alone in exploring the farthest reaches of Space Frontier Areas.
Chinas Change-5 mission made headlines in 2020 when it reached lunar orbit, deployed a

specimen collection lander to the lunar surface, recovered specimens of lunar material to the

29



Strategic Perspectives, No. 45

30

Change-5 orbiter, and then delivered the specimens back to Earth. The mission marked the first
return of lunar material to Earth since the Soviet Union’s Luna 24 mission in 1976. After deliver-
ing the lunar specimens to Earth, the Change-5 orbiter went on to explore Sun-Earth Lagrange

point 1 (see figure 16).”

Beyond Sun-Earth Space

Only a handful of human-launched space probes have ventured beyond our solar system.
All have been missions of science and exploration. Although human imagination extends to the
farthest reaches of space, strategic considerations beyond our solar system’s asteroid belt are the
province of a distant future.”” For purposes of this paper, space and celestial bodies beyond our
solar system’s asteroid belt are considered of scientific interest, but not (yet) relevant for national

security strategy.

Part II: Existing Literature on Space Frontier Areas

How do activities in Space Frontier Areas matter for the strategic interests of the United
States? The literature about Space Frontier Areas, normally framed in terms of xGEO space or
cislunar space, reveals two prevailing approaches. For purposes of this paper, I refer to them as

littoralist and lunarist approaches.

The Littoralist Approach

The littoralist approach to Space Frontier Areas borrows from naval traditions emphasiz-
ing the strategic significance of littoral seas (that is, the maritime region immediately adjacent to
land). A leading proponent of the littoralist perspective regarding Space Frontier Areas is Bled-
dyn Bowen. He refers to Earth orbit as our “cosmic coastline,” and argues that “grand strategy in
the Space Age must embrace the terrestrial origins and ends of spacepower.””>

The projection of power inland from the maritime littorals is often described as “brown
water” naval power, as distinguished from “blue water” naval power more concerned with con-
trol of lines of communication on the high seas. Many spacepower theorists borrow from these
naval perspectives, describing emphasis on space support to terrestrial operations as a brown
water view of spacepower, and an emphasis on space-to-space activities as a blue water view of
spacepower.”” The littoralist perspective regarding Space Frontier Areas embraces this brown
water view of spacepower in emphasizing the nexus between space missions and their terrestrial
purposes. This approach treats the terrestrial nexus to spacepower as more important than the

physical distance between Earth and a spacecraft.
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Writers expressing littoralist views generally embrace this perspective for its harmony with
the current limits of space technology. Bowen dismisses most military purposes of missions to
cislunar space as premature, “based on hopes rather than empirical evidence””* Scott Pace (a
former National Space Council Executive Director) also concludes that large-scale operations
beyond Earth orbit are “not today’s reality,” and urges U.S. Space Command to “remain focused
on space operations from geosynchronous orbit to low Earth orbit, and delivering support to
other combatant commands.””> Others conclude that “the current rhetoric regarding the moti-
vations for and value of cislunar exploration extends beyond what the evidence supports, par-
ticularly with respect to economic and national security arguments.””®

However, the most common expression of the littoralist approach as applied to Space Fron-
tier Areas is the unremarked omission (or mere passing mention) of Space Frontier Area activities
in many works on spacepower. The U.S. Space Force’s capstone doctrine publication Spacepower
hints at a fundamentally littoralist orientation, stating “Today, the entirety of economic and mili-
tary space activities is confined to the geocentric regime; however, commercial investments and
new technologies have the potential to expand the reach of vital National space interests to the
cislunar regime and beyond in the near future””” Of course, this begs a fundamental question:
how soon is “near”? In the time horizon of current government budget processes, missions into
Space Frontier Areas are likely to stay exceptional and mostly government-funded: every “com-
mercial” mission to the Moon has received major funding from a national space agency.”®

The littoralist perspective emphasizes the criticality of space support to terrestrial activities
and the scarcity of resources for activities in Space Frontier Areas. Almost all of the Department
of Defense (DOD)’s current space operations priorities concern Earth-focused space missions
such as missile warning; nuclear command and control; position, navigation, and timing; intel-
ligence collection; and satellite communications (or foundational space infrastructure activities
common to all military space activities: command and control, space domain awareness, intel-
ligence, and space launch).

Even “blue water” space missions such as the GEO Space Situational Awareness Program
(GSSAP) ultimately matter for the terrestrial ends they serve: GSSAP provides space domain
awareness in GEO to ensure the safety of space operations in that orbital regime, where many
important missile warning and satellite communications spacecraft reside. Such capabilities are
integral to the way the U.S. Armed Forces operate. General Stephen Whiting, Commander, U.S.
Space Command has emphasized this point, noting that “for the last 35 years, our military Ser-
vices have been sized around the assumption they will have access to space and space-enabled

effects—and frankly they don’t have the force structure to fight without space capabilities.””
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The Lunarist Approach

The lunarist approach anticipates the future importance of Space Frontier Areas to be
sufficiently substantial to justify present-day and near-term efforts to master access to and
use of distant volumes of space, Earth’s Moon, and other celestial bodies. Sources expressing
the lunarist approach to Space Frontier Area activities anticipate a time when national and
commercial efforts to reach, develop, and utilize the energy, mineral, and real estate resources
of the Moon and other celestial bodies will transform some regions of celestial bodies (and
free space beyond Earth orbit) into key nodes of economic activity, and some regions of space
into key celestial lines of communication between and among these new nodes of economic
activity and Earth.®

Unsurprisingly, the lunarist approach predominates in works on spacepower that are fo-
cused on xGEO space, cislunar space, or the Moon. Two leading proponents of the lunarist
perspective are Namrata Goswami and Peter Garretson, whose book Scramble for the Skies con-
cludes that we are in the early days of national space programs reorienting to the development
and exploitation of space resources (most notably, as the lunarist moniker suggests, those of
Earth’s Moon).® This future-oriented approach embraces informed imagination regarding the
future. Goswami and Garretson point to the thought of writer and futurist Arthur C. Clarke in
this regard: “Space-travel is a sufficiently sensational subject to require no additional embellish-
ment, and in the long run we can be sure that our wildest flights of fancy will fall short of the
facts—as has always happened in the past history of scientific prediction.”*

Lunarist sources look with concern at China’s sustained interest and methodical approach
to activities in cislunar space and beyond. They suggest that China fears repeating prior strategic
mistakes by not betting on a future that includes access to and use of Space Frontier Areas. In
Chinese political narratives, the memory of the burning or abandonment (depending on the
source) of Admiral Zheng He’s treasure ships still stings. In 1525, a newly enthroned emperor
viewed Zheng’s treasure ships as an unsustainably expensive venture; the ships voyages were
ended, and most maritime trade was outlawed. Military priorities shifted to land defenses. These
decisions came to be widely perceived as setting conditions for the later Century of Humiliation.

China hopes the “treasure ships” of the space age may regain what was lost after Zheng He.*

Poles Apart

Proponents of both littoralist and lunarist approaches of Space Frontier Areas agree on
several matters. There is broad agreement that the most important technologies to deploy be-

yond the contemporary near-Earth orbits are those comprising the basic infrastructure of space



Understanding Space Frontier Areas

activities: space situational awareness; position, navigation, and timing; and communications.*
These foundational capabilities are necessary to scale up any missions in Space Frontier Areas
beyond bespoke spacecraft for scientific or exploratory activities. However, littoralist and lunar-
ist approaches diverge in their perspective on the optimal level of effort in Space Frontier Area
activities in the near future. They also diverge with respect to the strategic interests served by
Space Frontier Area activities.

In the littoralist perspective, meaningful expansion of space activities into Space Frontier
Areas is a very long-term proposition. Any near-term strategic interest is probably limited to the
avoidance of surprise by adversary activity in cislunar space. This approach does not deny the basic
strategic logic of potential missions in Space Frontier Areas, but views them as too distant in the
future to merit substantial near-term effort beyond civil space programs of scientific exploration.®

The lunarist perspective concedes the lengthy expected time before any economically vi-
able use of the resources of Space Frontier Areas is likely. One assessment of the expected time
to realize economic return on investments from lunar Helium-3 mining concluded it would
take at least 44 years of mining operations on the Moon to pay off the initial capital investment
for the mining activity.* That is probably a conservative estimate. Even zealous advocates for
the future importance of space-based resources accept that the time to realize return on invest-
ment for space resources could be measured in centuries rather than decades . . . though they
argue the eventual return on investment could rival that of Spain’s investment in Columbus’s
voyages: a return on investment of 100,000 to 1. The enormous potential long-term value of
such resources, the extensive research and development investments required to reach and uti-
lize them, and the fact that China—the pacing threat on which DOD is oriented®*—has made
exploitation of lunar resources a prominent line of effort in its space programs® motivates lu-
narist adherents to advocate for significant near-term growth in U.S. space operations focused
on Space Frontier Areas.

In short, in the literature on Space Frontier Areas we see general acceptance of General
Cartwright’s framing of patterns of expansion into new domains: exploration is followed by
normalized transit and communications, which paves the way for conflict and competition,
with commercial interests following national security activities into the new domain.” The lit-
erature describes security and economic interests (arising in that sequence) as predominant
interests in Space Frontier Areas. Sources expressing the littoralist and lunarist approaches to
Space Frontier Areas cluster at distant poles of a very long timeline, with the littoralist perspec-
tive emphasizing present-day and near-term security concerns, and the lunarist perspective

emphasizing long-term economic potential.
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There is a logic to each perspective. The urgency and enormity of current near-Earth na-
tional security space operations is clear. Similarly, the potential for important future uses of
Space Frontier Areas is well-appreciated—if not well-understood in its particulars. The existing
literature offers compelling arguments for each of the contending views, but does little to har-
monize and integrate the most salient points of each in time horizons relevant to contemporary
decisionmakers. This paper seeks to develop the literature through a research-informed ap-
proach to understanding how activities in Space Frontier Areas have strategic significance, in a

time frame relevant to contemporary decisionmakers.

Part I11: Space Frontier Areas: In Search of Strategic Coherence

This paper documents a study undertaken to propose and test a framework for under-
standing the ways in which activities in Space Frontier Areas have strategic significance. A valid
framework for evaluating Space Frontier Area activities could clarify the relative significance of
various strategic purposes such activities serve. This framework could enable a more coherent
approach to evaluating, characterizing, prioritizing, executing, or responding to missions in
Space Frontier Areas.

This study hypothesizes that the coherence of strategic thought about activities in Space
Frontier Areas activities can be improved (relative to the binary perspective found in the litera-
ture) through a more fulsome framework for assessment. It proposes a model for evaluating
near-future (through 2040) Space Frontier Activities based on the importance and immediacy
of the prestige, governance, security, and resource purposes they serve (figure 17).

Three case studies of current and projected Space Frontier Area activities were selected
to test this hypothesis, using a qualitative assessment tool tested and validated through a focus
group process. The tool was used in research interviews with experts in space operations from
military, intelligence, civil, and commercial space sectors to quantify each experts assessment
of the importance and immediacy of each strategic purpose (prestige, governance, security, and
resources) for each case study.”

The study hypothesized that expert strategic perspectives on case studies of Space Fron-
tier Area activities would tend to converge in a manner that highlighted the most significant
near-term strategic purposes that such activities might serve. Such a convergence of strategic
understanding could be useful when making funding decisions, evaluating risk, and establish-
ing space mission priorities for DOD and the U.S. space enterprise more broadly.

Key Finding: The study found moderate convergence in strategic perspectives through use

of this framework.
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Figure 17. Concept for Understanding the Strategic Significance of Space Frontier
Area Activities
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Strategic Purposes

The study first assessed the categories of strategic purposes that Space Frontier Area ac-
tivities serve. A region or position does not have strategic value itself, “it is the specific use of
an area by a certain belligerent, and not the general value of the geographic position itself, that
gives us its high strategic value.”> While the key propositions and findings in the literature on
Space Frontier Area activities tend to center on security and resources considerations, two other
strategic purposes are also frequently discussed: prestige and governance. The research inter-
views conducted in the course of this study validated these four categories of strategic interest
(prestige, governance, security, and resources) as sufficient and useful to describe the strategic
purposes served by activities in Space Frontier Areas.” Each of these categories bear, to varying

degrees, on most Space Frontier Area activities.

Prestige as a Strategic Purpose

Prestige as a strategic purpose is a function of perception and influence. Accomplishments
that are noteworthy because they are novel, difficult, or unexpected demonstrate national will
and capability. Will and capability enhance prestige by making one appear more attractive as

a leader or partner (or more formidable as an adversary).”* Prestige is a strategic interest not
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because it satisfies petty ambitions or confers bragging rights, but because the perception of ca-
pability, capacity, and will is a powerful source of soft power: the ability to influence outcomes
by attraction rather than coercion or payment.*

Prestige was the central strategic purpose served by the U.S. Apollo program of lunar mis-
sions. Wrestling with the massive budget implications of the program prior to committing to
Apollo, President John F. Kennedy stated, “We're talking about these fantastic expenditures
which wreck our budget and all these other domestic programs and the only justification for
it, in my opinion, to do it in this time or fashion, is because we hope to beat [the Soviet Union]
and demonstrate that starting behind, as we did by a couple years, by God, we passed them.*
Prestige remains an animating strategic purpose for major spacefaring powers.”’

Prestige can result in influence directly (as with the Apollo landings) or indirectly. An
indirect dividend of prestige could be the sense of obligation an emerging spacepower may feel
toward a major power that enables the emerging power’s access to space.”® Prestige is also per-
ishable. Author Mark Whittington argues, “If China is the first country back to the moon in this
century, it will not matter that America landed a man on the moon 50 years ago. The world will
see that the country that landed there no longer exists and that the future belongs to China. .. ”*
This suggests that the prestige value of accomplishment may vary among actors: new human
Moon landings by the United States may at best sustain preexisting U.S. leadership in space,
whereas China could receive more prestige value for the same accomplishment.

Some experts interviewed in the course of this study (principally from the military space
sector) suggested that scientific discovery for its own sake should be considered a separate
strategic interest. Others (principally from the civil space sector) viewed science and explora-
tion as principally of strategic value for prestige purposes, or else instrumental for the other
strategic purposes postulated here.'® This paper treats missions primarily designed for sci-
ence and exploration as of strategic interest principally for their prestige value, recognizing
that such missions may also have instrumental or collateral value for governance, resources,

or security purposes.

Governance as a Strategic Purpose

Governance as the term is used in this study refers to the formal and informal structures
that influence the behavior of spacefaring actors and shape perceptions about the legitimacy of
actions in space. Both littoralist and lunarist sources agree that Space Frontier Area activities
have significance for governance purposes.'” Expressions of governance—“rules,” in a broad

sense—may be legal obligations, treaty commitments, or organizational forums. However, gov-
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ernance also includes less formal understandings such as norms, guidelines, technical stan-
dards, naming conventions, informal arrangements, or best practices.

Customary international law is formed by the general and continuing practice of states
from a sense of legal obligation.'”> Thus, state practice not only provides evidence of what states
believe the law is, but what they believe the law should be. State practice can take many forms,
but “it is a longstanding truism that the rules of international relations in new domains are
created by those who show up and not by those who stay home”'® Chinese officials such as Ye
Peijian, a senior official in China’s lunar exploration program, have expressed similar views: “If
we don’t go there now even if we're capable of doing so, then we will be blamed by our descen-
dants. If others go there, they will take over, and you won’t be able to go even if you want to. This
is reason enough.”'*

Novel space activities that tend to establish or crystallize a rule, or which require new in-
terpretation or understanding of a rule, are important for governance purposes. Activities that
challenge a proposed or putative rule also have significance for governance. The United States
conducts freedom of navigation operations at sea and in international airspace to challenge
excessive maritime claims.'”® Space missions similar to naval and air freedom of navigation op-
erations may become important in Space Frontier Areas.' Under the Outer Space Treaty, states
are internationally responsible for their national space activities, whether undertaken by the
government itself or by a nongovernmental entity.'”” Thus, both government and commercial

space activities matter for governance purposes in Space Frontier Areas.

Security as a Strategic Purpose

Security as used in this study refers to activities undertaken for the protection and defense
of a state’s national interests. This can include military and intelligence activities, as well as con-
stabulary functions such as law enforcement and search and rescue functions.'®®

The threshold security interest in Space Frontier Areas is extending space domain aware-
ness beyond near-Earth orbits. The potential exists for an adversary to use the vast distances,
solar exclusion zones, or complex trajectories of cislunar space to project effects from Space
Frontier Areas to spacecraft in Earth orbit, or to Earth itself. Thus, there is a growing security
interest in detecting and characterizing activities in Space Frontier Areas in order to understand
and mitigate such risks.'"” The relatively obscure insight into Space Frontier Areas provided by
current space domain awareness architectures sows the seeds of a security dilemma: spacecraft
deployed by one state to Space Frontier Areas to track and support activities there risk being

perceived by others as offensive capabilities.'?
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Notwithstanding their great distance from Earth, security uses of Space Frontier Areas may
serve conceptually brown water strategic purposes such as defending against distant orbital bom-
bardment (or attack of spacecraft in Earth orbit from solar exclusion).!"! Some sources treat the
prospect of sneak attack from beyond near-Earth orbit as “strategically absurd,” arguing that the
long transit of spacecraft or projectiles deployed from there would provide significant warning
time."> However, the extent of advance warning does not depend solely on the threat vector’s
transit time: time required to detect and characterize the threat may delay effective early warning.
Detecting objects in the vast expanse of Space Frontier Areas is a substantial technical challenge.
Once an object is detected, characterizing it and predicting its trajectory requires observations
over longer periods of time compared to threats in Earth orbit. Further, warning does not auto-
matically mitigate risk: one may or may not have options to address a threat vector originating a
Space Frontier Area, from which it may enjoy kinetic and maneuver advantage.

Security uses of Space Frontier Areas may also serve blue water strategic purposes, such
as the deployment to relative safety (compared to near-Earth orbit, within the range of ground-
launched or Earth-orbit antisatellite weapons) of a “space force in being,'"* able to maneuver
down the gravity well into Earth orbit to replenish space systems that may be attritted during con-
flict.""* Additionally, maturation of technology capable of extracting and utilizing space resources
will create new nodes of economic activity, and produce new celestial lines of communication
between and among Earth and these nodes of economic activity. Defending these may become an
important security interest. Many anticipate a future U.S. Space Force role in ensuring free access

to and through outer space akin to the Navy’s role protecting commerce on the high seas.'®

Resources as a Strategic Purpose

Resources as used in this study refers to the energy, mineral, and real estate resources of
Space Frontier Areas. Economically viable use of space-based resources for financial or op-
erational purposes is probably the strategic interest most distant in the future; however, it looms
as the most consequential for those willing to imagine that far ahead. Mineral resources on
celestial bodies (both planetary bodies and asteroids) may exist in quantities or concentrations
not available on Earth. In the future, they may be more economical for in situ utilization in
space than supplies launched from Earth. Some energy resources, such as solar radiation, are
abundant throughout Space Frontier Areas. Others, such as water ice that can be converted to
spacecraft propellant, may only exist in usable quantities in small areas of some celestial bodies.
Economic use of these resources may prove elusive for many years, as has been the case with

deep seabed mining and the economic use of Antarctica.'”” Recent trends would suggest this
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is the case. However, a “significant or unexpected technological breakthrough” could change
everything,"'® and even incremental steps toward a distant or speculative future source of na-
tional wealth can be sufficiently attractive to invite some level of investment and effort.'’

The Moon’s peaks of eternal light (providing refuge from the long lunar night) and craters
in perpetual darkness (believed to hold the greatest concentrations of water ice) are found only
in small areas near the lunar poles.’* Some orbits, trajectories, or other conceptions of celestial
lines of communication through which data, spacecraft, and objects transit may also become
important “terrain” for strategic purposes. Resources are of strategic interest when they can be
exploited for their economic value, whether that value is in the form of commercial profit, na-
tional wealth, or enabling some other activity that would otherwise require the use of terrestrial
resources launched from Earth to a Space Frontier Area.'*

Chinese officials have framed their interest in Space Frontier Area activities in terms of the
importance of space resources. According to Lieutenant General Zhang Yulin, deputy director
of the People’s Liberation Army General Armaments Division, “The limited capacity of Earth
resources is the root cause of global problems”; cislunar space “will become another broad field
for the expansion of human living space”'?* Chinese strategists not only seek economic advan-
tages that may be found in Space Frontier Areas, they also fear that the United States intends to
control access to cislunar space and the Moon in order to limit Chinese access.'”* For its part,

U.S. space program leaders have expressed similar fears about China.'**

Time Horizons

Most studies of “space futures” seek to bound the many unknowable variables of a future-
oriented assessment to a defined time horizon. The littoralist perspective largely emphasizes
present-day or near-term time horizons. A milestone prominently featured in recent spacepow-
er and national security scholarship is Xi Jinping’s mandate that the People’s Liberation Army
attain the capability to conduct a military invasion of Taiwan by 2027."** This very near-term
milestone is within a time frame that drives many operational and strategic decisions in DOD’s
5-year Future Years Defense Program, the planning process for the U.S. defense budget.

By contrast, studies informing the lunarist perspective look much farther into the future.
However, even the most forward-looking studies tend to bound their time horizon of interest to
two, three, or four decades.'* This study sought a balance between the expected importance of
Space Frontier Areas in distant futures, the uncertainty of future technological and geopolitical
developments, the reality of DOD’s 5-year defense budget planning process, and the urgency of

currently underresourced space requirements in near-Earth space.
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Based on these factors, a 15-year time horizon (2025 through 2040) was selected for this
study because it is within the expected professional career of today’s mid- and senior-level space
enterprise leaders. The author judged this time horizon near enough that many of today’s cur-
rent space enterprise leaders will live to realize outcomes occurring between now and then.
However, 2040 looks farther ahead than the next few Program Objective Memorandum cycles,
the benchmark on which many defense initiatives anchor due to the critical importance of the
budget process. In addition, 2040 is at or near the temporal benchmark for several U.S. and
China space program initiatives.'” Experts interviewed in the course of this study indicated that

2040 was a reasonable time horizon for this analysis.

Evaluating Strategic Purposes

With the independent variables of strategic purposes (prestige, governance, security, and
resources) thus established, and a time frame for analysis specified (present through 2040),
analysis next turned to the dependent variables that could give form to a framework for assess-
ing the strategic significance of activities in Space Frontier Areas. Researcher judgment sug-
gested two dependent variables: importance and immediacy.

“Importance” here is the degree to which a Space Frontier Area activity serves a particular
strategic purpose. The importance variable does not compare the importance of one category
of strategic purposes against any other category of strategic purposes. Rather, it seeks to char-
acterize the extent to which the activity in question is likely to result in effects advancing that
strategic purpose. Some amount of importance is expected for most strategic purposes, in any
given case study. An activity that has direct and consequential implications for a strategic pur-
pose has a high importance value. An activity with only incremental or collateral implications
for a strategic purpose has a low importance value.

“Immediacy” is the expected time within the study’s temporal horizon by which effects relat-
ed to the strategic purpose in question will be realized. An effect or outcome related to that strate-
gic purpose that is expected immediately or shortly after an activity would have a high immediacy
value. The further in the future an effect or outcome is expected, the lower its immediacy value.

Importance and immediacy are qualitative judgments. To gather this qualitative data in
a quantifiable form for analysis, the author conducted research interviews with 18 U.S.-based
space operations subject matter experts (17 of these experts completed the qualitative assess-
ment). The qualitative assessment included three case studies. For each case study, the expert
was asked to score, on a scale of 1 to 10, the importance and immediacy of each strategic pur-

pose (prestige, governance, security, resources) with respect to that case study.
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Case Studies Overview

The first case study is “China’s Lunar Far Side Activities” These activities include several
Chinese missions to cislunar space culminating in the first-ever return of lunar regolith from
the far side of the Moon to Earth. The case study is a contemporary example of incremental
technological advances enabling new milestones in the use and exploration of the far side of the
Moon as a Space Frontier Area. China began lunar missions in 2007 with the Change-1 orbiter,
followed by the Change-2 orbiter 3 years later. In 2013, the Change-3 mission delivered the Yutu
robotic rover in China’s first successful controlled landing on the Moon. These missions paved
the way for the more challenging task of operating on the far side of the Moon. In 2018, China
launched the Quequiao-1 communications relay satellite to orbit in the vicinity of Earth-Moon
Lagrange point 2; from the vantage of E-M L2 orbit, Quequiao-1 serves as a communications
relay between ground stations on Earth and the Moon’s far side. Quequiao-1 provided the com-

munications necessary for China to make the first successful controlled landing on the far side

Figure 18. Changle-6 Landing Site, Near Lunar South Pole on Moon’s Far Side
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of the Moon in 2018 during the Change-4 mission. This was the first time China had achieved a
global first in space operations, rather than repeating a U.S. or Soviet Union accomplishment.'?
Two years later, it enabled the Change-5 mission to deliver a lander and ascent module to the
lunar surface, and to return specimens of lunar materials to Earth (making China the third na-
tion—after the United States and Soviet Union—to do s0).'* In 2024, China’s Change-6 mission
accomplished another global first, becoming the first nation to collect lunar specimens from the
far side of the Moon (more specifically, the Aitken basin near the lunar South Pole, a suspected
area of concentrated lunar resources), and return those specimens to Earth.'*

The second case study is "Cislunar Infrastructure Demonstrators." Missions in this case
study demonstrate “infrastructure” functions such as orbit maintenance, space domain aware-
ness, and navigation in Space Frontier Areas of cislunar space. It is a state-agnostic case study;,
focusing on applied technology as such rather than on the state actor conducting the mission.
Examples of activities in this case study were Chinas DRO A and B mission, the planned Air
Force Research Laboratory Oracle mission, and NASA's CAPSTONE.

DRO A and B was a mission of the

Figure 19. Objects in lunar Distant
Retrograde Orbit travel in the opposite
direction of the Moon’s orbit around Earth,
interacting with the gravity of both Earth-
Moon Lagrange Points 1 and 2.

China Academy of Sciences involving
two satellites in distant retrograde orbit
around the Moon apparently demon-

strating the utility of the orbit for navi-

gation and communications payloads™"

(figure 19). Oracle is a series of missions 1
planned by the Air Force Research Lab-
oratory’s Space Vehicles Directorate to 05/

conduct experiments on maneuver and
04 €arth

y(DU)

space situational awareness capabilities
in cislunar space.””> CAPSTONE is a
NASA-funded mission currently oper-

ating in near-rectilinear halo orbit (gov- :

erned by interaction with Earth-Moon
L1 and L2) in the vicinity of the Moon. ate
CAPSTONE is demonstrating the feasi-

bility of the lunar near-rectilinear halo

Source: Ming Wang et al., “Family of 2:1 Resonant
Quasi-Periodic Distant Retrograde Orbits in Cislunar
Space,” Frontiers in Astronomy and Space Sciences 11

orbit, of interest to NASA as a possible

staging orbit for future lunar missions.'**

(September 2024), figure 2, https://doi.org/10.3389/
fspas.2024.1352489.
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The third and final case study is “First Declaration of a Lunar Safety Zone.” It is an ex-
pected future scenario, and selected because it represents an important future “first” in Space
Frontier Area activities, is probable before 2040, and (as an expected future event) is state-
unknown. The concept of a “safety zone,” a designated area in which lunar surface activities
are coordinated to prevent harmful interference with space resource extraction and utiliza-
tion activities on the Moon or other celestial bodies, is proposed in the United States-led
Artemis Accords. The Accords are not a legally binding treaty, but rather “establish a political
understanding regarding mutually beneficial practices for the future exploration and use of
outer space.”** The Accords describe a safety zone as an “area wherein . . . notification and
coordination will be implemented to avoid harmful interference,” within some broadly de-

scribed parameters of reasonableness.'*

However, the case study is not limited to a safety
zone as described in the Artemis Accords: it refers to the first zone around lunar surface
activities declared to prevent harmful interference, by any state, regardless of the particulars
of implementation.

These case studies represent recent, planned, or expected Space Frontier Area activities.
The case studies reflect a range of state attribution characteristics. They represent state-specific
(China’s Lunar Far Side Activities), state-agnostic (Cislunar Infrastructure Demonstrators), and
state-unknown (First Declaration of a Lunar Safety Zone) examples. This range of state attribu-
tion characteristics was judged useful for this study, which is designed to test the framework
for analysis more than the underlying activities represented in the case studies. The activities
selected as case studies are not principally devoted to missions of basic scientific discovery, but
rather to space missions with more or less immediate application to a wide range of future ac-

tivities in Space Frontier Areas.

Qualitative Assessment Methodology

Seventeen participating experts completed qualitative assessments of each case study
during research interviews conducted by the author. All experts were United States persons,
selected for their experience in space operations in various space sectors. The experts aver-
aged 23.3 years of space operations experience. The expert with the least space experience
was a senior military officer with 6 years supporting space missions; the expert with the
most experience had worked in space programs in three different sectors for 41 years. Six
of the experts had worked in civil space programs. Nine had worked on space programs at
a commercial company. Two experts had prior full-time experience at an academic institu-

tion. Most of the experts (14) had current or former experience in military or intelligence
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community space programs. Most (10) had experience in two or more space sectors. Eleven
of the experts had, at some point in their professional career, worked on a mission involving
xGEO or cislunar space.

Each expert provided their evaluation, on a scale of 1 to 10, of the importance and imme-
diacy of each strategic quality (prestige, governance, security, and resources), within the time
frame of present day through 2040, with respect to each case study."* To standardize data for
comparative analysis, each expert’s scores within each case study were normalized to a scale
of 1 to 10. The normalized importance and immediacy scores for each strategic purpose were
then multiplied together, to produce a “relative significance” value for each strategic quality
within that case study.

These relative significance values were then visually depicted on both a color-coded score
card and on a radar chart. On the score card, each column provides one expert’s “relative sig-
nificance” score for the strategic purpose reflected on that row. That expert’s highest score (in-
dicating the strategic purpose they found most significant for the activity described in that case
study) is coded green; that expert’s lowest score (indicating the strategic purpose they found
least significant for the activity described in that case study) is coded red. Scores in between are
indicated with gold or intermediate shades; assessments resulting in a tie in scoring were not
discounted since a score suggesting equal relative significance of two or more strategic qualities
was not treated as inherently invalid.

Because this research and assessment was exploratory in nature, criteria for assessing
the degree of convergence of expert views were not postulated in advance. Rather, factors
indicating more or less convergence in expert views were identified once a data set was avail-
able for review. Further research testing this framework would be useful in validating the
criteria for convergence proposed here. From the research data, three indicators of conver-

gence emerged:

m Majority or plurality consensus: Among four independent variables, none of the strate-
gic qualities will necessarily emerge as a majority consensus view of “most significant” in

each case study; however, a plurality consensus emerged in each case study here.

m Consensus margin: The difference in the number of experts assessing a strategic cate-
gory as “most significant” versus the number of experts assessing the next-highest ranked
strategic quality as “most significant” As the value of this margin increases, it suggests a

stronger degree of convergence.
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» Internal assessment margin: The difference in the number of experts assessing a stra-
tegic category as “most significant” and “least significant” The greater the value of this
difference, the more it suggests greater levels of converging views (with positive values
indicating convergence of views regarding the “most significant” strategic quality, and
negative values indicating convergence of views regarding the “least significant” strategic

quality, for each case study).

Findings

Moderate or high convergence of expert views was observed in 2 of 3 cases. This suggests
with overall moderate confidence that a framework accounting for the importance and imme-
diacy of prestige, governance, security, and resource aspects of strategic purpose, in a defined
time horizon, increases the coherence of strategic views of Space Frontier Area activities. The

outcomes of this analysis are summarized at figure 20 and discussed more fully below.

Figure 20. Summary of Study Findings

Low convergence of .
PRESTIGE ’ view that “Prestige” 100 ggES"GE o Strong Convergence of
10000 quality predominates s view that Governance”
80.00 o quality predominates

RESOURCES

Moderate convergence of
view that “Security” quality
predominates

SECURITY SECURITY

SECURITY

PRC Lunar Far Side Cislunar Infrastructure First Lunar Safety
Program Case Study Demonstrators Case Study Zone Case Study

China’s Lunar Far Side Activities

There was relatively low convergence of expert views in the first case study. A plurality of
relative significance scores (7 of 17) identified prestige as the predominant strategic quality of
these Space Frontier Activities. The internal assessment margin of relative significance scores
for prestige as the predominant strategic quality (compared to relative significance scores view-
ing prestige as the least strategic quality) is relatively low but is greater than for any other stra-
tegic quality within this case study. In a framework with four strategic qualities, a plurality view
will usually emerge; it is only the internal assessment margin of the plurality view that suggests

any measure of convergence in the views observed here.
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Figure 21. Relative Significance Scores for This Case Study (Each Column
Represents One Expert’s Scores).

[ 4961 |_71.50
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Figure 22.
PRESTIGE
Overall Plurality Consensus | 1000 Internal Assessment Margin: +3
Prestige highest =7 i Prestige highest =7
Other aspect highest = 11 80.00 Prestige lowest = 4

Total scores do not equal 17 because
one expert's scores resulted in equal
highest-significance scores for two
strategic purposes

RESOURCES GOVERNANCE

Low Consensus Margin: +2
Prestige highest =7
Security highest = 5

SECURITY

m PRESTIGE: Seven experts (a plurality consensus) scored prestige as the most signifi-
cant strategic interest; four scored prestige as the least significant strategic interest; inter-

nal assessment margin of +3.

m SECURITY: Five scored security as most significant; three scored it as least significant;

internal assessment margin of +2.

m GOVERNANCE: Four scored governance as most significant; four scored it as least

significant; internal assessment margin of 0.

m RESOURCES: Two scored resources as the most significant strategic interest; six scored

it as least significant; internal assessment margin of -4.

While expert views about the most important strategic purpose served by China’s lunar

far side program showed relatively low convergence, there was greater convergence regarding
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Figure 23. Change 6 Lander at Far Side Region of the Lunar South Pole

Source: Image by China National Space Agency, reprinted in Martijn Luinstra, “NASA’s CLPS
Program Accelerates as Two Landers Head for the Moon,” NASA Space Flight, January 26, 2025,
https://www.nasaspaceflight.com/2025/01/lunar-missions-roundup/.

views on the least important strategic purpose: six experts assessed resources as the least im-
portant strategic purpose, for an internal assessment margin of -4. This outcome is somewhat
counterintuitive given the apparent nexus between exploration of lunar polar regions and intent
to exploit lunar resources. The low relative significance score for resources in this case study is
attributable to the consistently low expert assessment of the “immediacy” of China’s lunar far
side program to realizing resource-related effects. The data suggests that although resources
may be an important long-term strategic aim of China’s lunar far side program, the lengthy ex-
pected time before the economic benefits of lunar resources could be realized limit the strategic

significance of this aspect of Space Frontier Area activity, at least through 2040.

Cislunar Technology Demonstrators

There was a moderate convergence of expert views that security was the most significant
strategic purpose in the second case study, Cislunar Technology Demonstrators. The total
weight of this plurality view was greater than in the first case study, as were both the consensus
margin and the internal assessment margin. Although the degree of consensus and internal
assessment margins converge to a greater degree here than in the first case study, expert views
here continue to reflect a wide range of perspectives regarding the strategic qualities of this type
of Space Frontier Area activity. It is only the relatively more substantial assessment margins that

suggest a moderate degree of convergence in the experts’ strategic perspective.
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Figure 24. Relative Significance Scores for This Case Study (Each Column
Represents One Expert’s Scores).
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Figure 25.

PRESTIGE

100.00 Consensus Margin: +4
80.00 Security h!ghest =8
Governance highest = 4

RESOURCES GOVERNANCE

Overall Plurality Consensus Internal Assessment Margin: +5
Security highest = 8 Security highest = 8
i = Security lowest =3

Other aspect highest = 9 SECURITY ty

m SECURITY: Eight experts assessed security as the most significant strategic quality; this
was twice the number of assessments for the next-highest scoring strategic quality gov-
ernance, according to four experts), and was one score short of a majority; three experts

assessed security as the least significant purpose; internal assessment margin of +5.

m GOVERNANCE: Four experts scored governance as most significant; three scored it as

least significant; internal assessment margin of +1.

m RESOURCES: Three experts scored resources as most significant; seven scored it as

least significant; internal assessment margin of -4.

m PRESTIGE: Two experts scored prestige as the most significant strategic purpose; eight

scored it as least significant; internal assessment margin of -6.
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Figure 26. One of China’s DRO Satellites (With Damaged Solar Array), Imaged by
Other DRO Satellite

Source: Image by China National Space Agency, reprinted in Martijn Luinstra, “NASA’s CLPS Program
Accelerates as Two Landers Head for the Moon,” NASA Space Flight, January 26, 2025, https://www.
nasaspaceflight.com/2025/01/lunar-missions-roundup/.

First Declaration of a Lunar Safety Zone

There was high convergence of expert views for the third case study, First Declaration of a
Lunar Safety Zone. A supermajority (14 of 17) of experts assessed governance as the most sig-
nificant purpose this activity would serve. No expert assessed governance as the least important
strategic quality, resulting in an internal assessment margin of +14. The next-highest-scoring
strategic qualities were resources and security, with two experts each scoring these highest (for a
comparative margin assessment of +12). Expert views also showed high convergence regarding
the least significant strategic quality of this activity: no expert assessed prestige as the most im-
portant quality, and 10 experts assessed it as least important. The clear majority view and high

margin assessments indicate high convergence of expert views in this case study.

Figure 27. Relative Significance Scores for This Case Study (Each Column
Represents One Expert’s Scores).
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Figure 28.

PRESTIGE
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Supermajority View
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RESOURCES GOVERNANCE

Internal Assessment Margin: +14
Governance highest = 14
Governance lowest = 0

Consensus Margin: +12
Governance highest = 14
Resources/Security highest = 2

SECURITY

m GOVERNANCE: Fourteen scored governance as the most significant strategic quality
(seven times the next highest “most significant” assessment); 0 scored governance as least

significant; internal assessment margin of +14.

m RESOURCES: Two scored security as most significant; two scored it as least significant;

internal assessment margin of 0.

m SECURITY: Two scored security as most significant; six scored it as least significant;

internal assessment margin of -4.

m PRESTIGE: No expert scored prestige as the most significant aspect of this Space Fron-

tier Area activity; 10 scored it as least significant; internal assessment margin of -10.

Conclusions

The findings suggest, with overall moderate confidence, that the framework tested here is
useful for improving the coherence of strategic perspectives about activities in Space Frontier
Areas. Further research would be required to validate this framework to a higher level of con-
fidence. However, the general proposition that the strategic significance of activities in Space

Frontier Areas includes aspects of prestige, governance, security, and resources appears sound.
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Experts interviewed for this study generally expressed satisfaction with this four-axis
framing of strategic purposes served by activities in Space Frontier Areas. Views did not di-
verge along the poles-apart axes of “high-immediacy security purposes” and “low-immediacy
resource purposes, as the literature might suggest. Similarly, views about the strategic qualities
of Space Frontier Activities had little to no correlation with experts’ space sector experience,
years of total space experience, or experience with xGEO/cislunar-specific activities. Rather,
the wide range of expert views suggests a probable degree of interrelated qualities among the
strategic purposes and high levels of uncertainty inherent in any future-oriented assessment of
complex activities. This observation should caution against the dogmatic or colloquial focus on
any single aspect of strategic significance for Space Frontier Area activities.

The framework suggested here may be useful when conducting formal assessments of
observed, planned, or proposed activities in Space Frontier Areas. It may be useful as a mecha-
nism to enhance consistency in analytical approach for a wide range of activities in dynami-
cally diverse regions of space. It may also be useful as a planning guideline for wargames or ex-
ercises, to determine if event participants employing this framework achieve better outcomes
than other participants.

The most important dynamic qualities of Space Frontier Areas are the vast distances and
complex gravitational phenomena spacecraft encounter getting there or being there. States that
master the science and technology necessary to reach and operate there, and build the infra-
structure necessary to scale their use and exploration of Space Frontier Areas, will enjoy the
fullest range of strategic advantages these new areas of space will offer. Today’s Space Frontier
Areas will be some future era’s key orbital trajectories, conventional orbit families, or valu-
able celestial body resources. Every decision about how much attention, effort, money, and risk
should be put toward Space Frontier Area programs is a bet on what that future looks like. Bets
on that future should be made with a disciplined, clear-eyed understanding of what we hope to
gain. The framework proposed here offers clarity about the relative significance of each strategic
purpose served by specific Space Frontier Area programs or activities in a given time horizon.
This strategic clarity will be important for establishing priorities, evaluating risk, and protecting

national interests in space beyond near-Earth orbits.
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