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Abstract: this introductory chapter describes the science base, objectives and methods of the 

“Planetary Exploration, Horizon 2061” foresight exercise. It first describes the class of 

astrophysical objects whose future investigation and improved understanding are the objective 

of the Horizon 2061 foresight: planetary systems. It then introduces the four “pillars” of science-

driven planetary exploration: (1) the science of planetary systems - six key science questions 

about planetary systems, their origins, evolution, workings and habitability, which can be 

addressed via in situ exploration only in the solar system; (2) the space missions needed to 

perform the observations that can inform these questions: (3) the technologies needed to fly 

these challenging space missions; (4) the space-based and ground-based infrastructures and 

services needed to support these missions to all destinations in the Solar System. It then 

describes the method followed by the “Horizon 2061” exercise to successively build these four 

“pillars”, and how this method and work flow are reflected in the structure of the book and 

translated into each of its seven chapters.  
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1. Objectives and methods of the foresight exercise 

"Planetary Exploration, Horizon 2061" is a long-term foresight exercise initially proposed by 

the Air and Space Academy and led by scientists, engineers and technology experts who are 

heavily involved in the planetary sciences and Solar System exploration. The ultimate objective 

of this exercise is to draw a long-term picture of four pillars supporting planetary exploration:  

Pillar 1: the major scientific questions concerning planetary systems;  

Pillar 2: the different types of space missions that aim to address these questions; 

Pillar 3: the key technologies needed to make these missions possible; and 

Pillar 4: the ground- and space-based infrastructures and services needed to support 

these missions.  

The year 2061 corresponds to the return of Halley’s comet into the inner Solar System, to the 

centennial of the first human space flight and to the centennial of President Kennedy’s Moon 

initiative. It is a symbolic representation of our intention to encompass both robotic and human 

exploration in the same perspective. This unusually distant horizon is located well beyond the 
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limits of the typical planning exercises of space agencies to avoid any possible confusion with 

them. Most importantly, the Horizon 2061 exercise is intended to “free the imagination”: free 

the imaginations of planetary scientists who have been invited to share their visions of the most 

relevant and important scientific questions, independent of the existence of technical solutions 

to address them; free the imaginations of engineers and technology experts who have been 

invited to look for innovative technical solutions to enable the challenging space missions that 

will address these questions. Four main objectives can be achieved via this important dialogue 

between scientists and engineers:  

Objective 1: identify the technologies and infrastructures needed to address major 

scientific questions;  

Objective 2: provide a broad spectrum of notional space missions of diverse sizes 

and complexity levels to explore these questions;  

Objective 3: inspire coordination and collaborations between the different players of 

planetary exploration to better meet technology challenges, maximize synergies 

between individual missions and increase the overall science return of space 

exploration; 

Objective 4: share the major scientific questions and technological challenges of 

planetary exploration with the public and public/private leaders. 

To build the four pillars of “Horizon 2061,” this book follows the design of science-driven space 

missions: chapter after chapter, it designs a Science Traceability Matrix (STM) in which an 

overarching science goal (understanding planetary systems) is broken down into a set of more 

detailed science questions. In turn, these questions can be translated into requirements on the 

observations that should be performed and on the scientific instruments needed to perform 

these observations. They also address the profiles of the space missions that will carry these 

instruments to a given solar system target, and the characteristics of the different platforms of 

the mission that will operate these instruments. Finally, the performances required for the 

instruments, platforms and platforms will generate additional requirements on the 

technologies, infrastructures and services that will make each appropriate mission flyable.  

The Science Traceability Matrix progressively designed along this “Horizon 2061 approach” in 

the different chapters of this book does not describe a single space mission, as STMs usually 

do:  rather, it describes a set of representative notional missions, to be flown by 2061, whose 

combined science return will address six key scientific questions challenging our 

understanding of planetary systems. The different steps of this approach and the 

corresponding chapters in which they are described in this book are illustrated in Figure 1.1. 
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Figure 1.1: To build the four pillars of planetary exploration, the Horizon 2061 exercise progressively 

writes, from top (overarching science goal) to bottom (requirements on future technologies, 

infrastructures and services), a STM for a set of representative missions that address the key science 

questions about planetary systems. The book chapters corresponding to each pillar are shown.  

To build its Science Traceability Matrix and its four Pillars, the Horizon 2061 foresight exercise 

introduces in this chapter a working definition of planetary systems, and then a broad 

overarching science goal addressing our global understanding of planetary systems. This 

overarching goal is then broken down into six key science questions.  

Chapters 2 and 3 analyze these six key science questions to build “Pillar 1”, which links these 

key scientific questions about planetary systems to the set of observations that are needed to 

answer these questions. Chapter 2 first shows the unique power of science synergies between 

Solar System and exoplanet studies in this scientific quest. Then chapter 3 focuses on the 

Solar System to identify the critical observations of its objects that will inform the six science 

questions.  

Starting from these observation requirements, Chapter 4 identifies future representative 

planetary missions to the different destinations of the solar system that will be able to perform 

these observations: this is Pillar 4. Analysis of the technical requirements associated with these 

missions then leads to the definition of future technologies, described in Chapter 5 (Pillar 3) 

and of future infrastructures and services, described in chapter 6 (Pillar 4).  

Finally, chapter 7 analyzes the potential of international collaborations, which are one of the 

the most promising avenues for implementing the ambitious missions needed to address the 

key science questions.  
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2. Introduction to the scientific exploration of planetary systems 

Horizon 2061 is a science-driven, foresight exercise. It develops from scientific questions about 

planetary systems, a generic class of objects central to planetary science and common to the 

Solar System and exoplanet communities. Thus, planetary systems represent a unifying 

paradigm whose common formation, evolution, and properties form the basis for current and 

future scientific investigations. 

2.1.  Planetary systems: A new class of astrophysical objects 

The Solar System, its giant planet systems, and extrasolar planetary systems belong to one 

class of astrophysical objects, illustrated in Figure 1.2. The study of these systems together is 

a considerable source of new scientific insight, from their formation in circumstellar (or 

circumplanetary) disks, to the potential emergence of habitable worlds and life. Similar 

advances were made by combining studies of the Sun with those of other stars. Thus, 

combining in-situ exploration of the Solar System with remote sensing observations of other 

planetary systems and circumstellar disks appears to be the most promising avenue for tracing 

the evolutionary paths of our Solar System and its individual objects, from their formation to 

their contemporary structure, and to fully understand their connection to other planetary 

systems and their constituent objects.  

Some key themes in the current study of planetary systems include understanding their origin, 

formation, and evolution as well as the emergence of habitable worlds and life. These themes 

link the study of all planetary systems across the observational borders of in-situ 

measurements, telescopic observations, and other remote sensing techniques. The solar 

nebula, out of which all contemporary objects of the Solar System emerged, was like one of 

the many circumstellar disks currently observed around young stars. While our knowledge of 

the solar nebula rests entirely on the few remnants and tracers of its structure, its history can 

still be found in Solar System objects. Circumstellar disks can also be directly observed around 

stars like the Sun at different stages of their evolution, shedding a unique light on our own 

origins.  
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Figure 1.2 – Planetary systems: a new class of astrophysical objects. Planetary systems are collections 

of objects confined to a limited region of space around a star (“primary” systems) or around a planet 

(“secondary” systems) by the gravity, and sometimes additionally by the magnetic fields, of their central 

object. The Solar System and extra-solar planetary systems are primary systems. Giant planets systems 

and some other planet-moon systems are “secondary” systems imbedded into primary, star-centered 

systems. In order to understand planetary systems throughout their diverse temporal evolution, one has 

to relate their contemporary structure to the initial circumstellar or circumplanetary disks out of which 

most of them formed.  

2.2.  A working definition of planetary systems 

This foresight exercise uses a definition of planetary systems that is chosen to be consistent 

with the detailed exploration of the Solar System, and with observations of the more than 500 

multi-planets systems orbiting stars other than the Sun. Here, a planetary system is defined 

as: 

a system of objects that are dynamically coupled and confined to a limited volume of 

space by gravity, and in some cases by magnetic fields. 

These objects interact through a variety of radiative, collisional, chemical and dynamical 

processes acting on the different phases of matter of which they are composed (solid, liquid, 

gas, plasma and energetic particles) and they typically share formational and evolutionary 

histories. Planetary systems are also complex, and the diverse set of known systems can be 

split into two general types, primary and secondary, based on the nature of their central object 

or objects. 

Primary planetary systems, which are planetary systems stricto sensu, are bound to a central 

star (or stars). They include the central star(s), orbiting planets, moons, the diverse families of 

small bodies and populations of dust and gas. They also include plasmas and charged particles 

that may populate a large region of space around the star(s).  
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Secondary planetary systems have a planet (or planets) as their central object. These 

systems include the central planet(s), its satellites, rings and populations of gas and dust 

particles, confined by the planet’s gravity. In some cases, plasmas and charged particles are 

also confined by its magnetic field.  

For both types of systems, the important confining fields are the gravitational and magnetic 

fields. In secondary systems, the confining gravitational region is the Hill sphere, which extends 

to a large fraction of the planet’s gravitational potential well. It also includes a region of stable 

trapping around the L4 and L5 Lagrange points of the star-planet system, which may host 

Trojan bodies. While the gravitationally bound region is less simple to define for primary 

systems, gravitational fields are of central importance for these system’s formation and 

dynamical evolution. The area of confinement for the magnetic field in a primary system is its 

astrosphere, or heliosphere in the case of the Sun. In secondary systems, the dynamics of 

charged particles and plasma populations is mainly controlled by the planet’s magnetic field , 

its magnetosphere.  

Integrating together primary and secondary systems shows that gravity tends to generate a 

two-level hierarchical architecture for planetary systems, with planets orbiting stars and moons 

orbiting planets. In some cases, magnetic fields organize their plasma and charged particle 

components in a similar way: planetary magnetospheres are imbedded in astrospheres and 

they may host satellite’s magnetospheres, as illustrated by the example of Jupiter’s moon 

Ganymede. 

The Solar System offers a rich diversity of such secondary systems: the Earth-Moon and Mars-

Phobos-Deimos systems, currently confined solely by gravity, and the four, giant planet 

systems, in which both gravitational and magnetic confinement can be seen at work at the 

scale of their whole system. In addition, multiple-object systems have also been observed in 

the population of Trans-Neptunian objects, such as the Pluto-Charon binary system of dwarf 

planets which includes four smaller moons orbiting its center of gravity. The diversity of their 

architectures and working mechanisms offers a unique laboratory to better understand the 

origin, workings and fate of planetary systems in general. 

The Jupiter system is an example of a secondary system that has been the subject of an 

extensive exploration with flybys of Pioneer, Voyager, Ulysses, Cassini and New Horizons. 

Jupiter is presently orbited by Juno and future missions to the system include JUICE and 

Europa Clipper with more to come. Figure 1.3 shows how this system is spatially confined by 

the two main planetary fields: (A) the planetary gravity field and (B) the planetary magnetic 

field. Gravity confines the system at different spatial scales, from a large population of Trojan 

asteroids around the L4 and L5 Lagrangian points of the Sun-Jupiter system, to the irregular 

moons orbiting around Jupiter to about one half of its Hill radius, to the four Galilean satellites, 

and finally to the four small satellites and rings orbiting close to the planet. Jupiter’s magnetic 

field, which confines plasmas and charged particles inside the planet’s magnetosphere, drives 

electrodynamic interactions with the four Galilean moons, and powers the spectacular Jovian 

aurorae.  
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Figure 1.3: An illustration of the diversity of objects composing a secondary system, taking the Jupiter 

System as a template. (A) The multi-scale architecture of this system is organized by the Sun-Jupiter 

gravitational field and its three main potential wells. (B) The giant Jovian magnetosphere and its 

interactions with the Galilean moons, the Io torus, the extended magneto disk and the planet.  

2.3. An overarching goal for the scientific study of planetary systems 

The scientific exploration of planetary systems attempts understand their cosmic evolution, 

from their formation as “by-products” of stellar formation, to the physical and chemical evolution 

of their objects, to the emergence of habitable worlds, and possibly of life. Thus, the 

overarching science goal assigned to the Horizon 2061 foresight exercise is to: 

Explore and understand the evolution of planetary systems, from their formations to the 

possible emergence of habitable worlds and life. 

In detail, the project aims to expand the study of the formational and evolutionary processes 

that lead to the growth of complexity, and ultimately, to the possible emergence of life. This 

includes the growth of molecular complexity from the interstellar medium to planetary and 

moons environments, the growth of complexity in planetary environments, and the conditions 

under which their evolutionary paths may lead them to become habitable. 

2.4.  Six key science questions 

This overarching goal can be developed into a set of six scientific questions, illustrated in 

Figure 1.4. 
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Figure 1.4: An illustration of the six key science questions about planetary systems used as the starting 

point of the “Horizon 2061” foresight exercise. They can be grouped into three pairs: (A) Exploring 

diversity (Q1- diversity of objects; Q2- diversity of architectures); (B) Understanding the causes of 

diversity (Q3- Origins and evolutionary paths; Q4- working mechanisms); and (C) Searching for 

inhabited worlds (Q5- Studying the emergence of potential habitats; Q6- searching for life in these 

habitats).  

When a new field or territory is explored, the quest starts with an inventory and characterization 

of the objects found in the field to understand their diversity, relative distributions, and 

interconnections. This is summarized by the first two questions: 

Question 1: How well do we understand the diversity of planetary system objects? 

Question 2: How well do we understand the diversity of planetary system 

architectures?  

Then, the causes of the observed diversity are explored. Is the observed diversity a result of 

the initial conditions of their formation, or of the effects of the physical laws governing their 

evolution and interactions? This leads to the second set of questions: 

Question 3: What are the origins and formation scenarios for planetary systems?  

Question 4: How do planetary systems work?   

Finally, the question of the origin of life, in the Solar System and elsewhere, drives the choice 

of the third pair of questions: 

Question 5: Do planetary systems host potential habitats?  

Question 6: Where and how to search for life?  

2.5.  Observational techniques for planetary systems 

The Solar System and its giant planet systems (4 examples of secondary systems within our 

reach) on one hand and extrasolar planetary systems on the other hand, can be observed by 
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different techniques that have important differences in measurement resolutions. While remote 

sensing using the techniques of astronomy apply to all systems, only the Solar System is 

accessible to the powerful approaches of in-situ investigations in the 21st century. The different 

observation techniques available for the study of planetary systems are illustrated in Figure 

1.5. 

Figure 1.5: Along this logarithmic-scale representation of distances to the Sun of Solar System objects 

and nearby stars, the different blue arrows illustrate the coverages in heliocentric distance of the different 

observation techniques with which planetary objects can be observed: astronomical observations from 

Earth or its orbit; robotic exploration modes of increasing complexity (fly-bys, orbiters, in-situ 

exploration…); sample return; and human exploration. Note that, in addition to these techniques, 

meteorite collections (method 2) provide a direct access to extraterrestrial material, but without detailed 

context.  

The different blue arrows of Figure 1.5 illustrate the heliocentric distance coverages of the 

different observation techniques. Astronomical observations from Earth or its orbit give access 

to most objects of the Solar System and to our Galactic environment, which contains many 

planetary systems. However, a gap in coverage exists in the very local interstellar medium 

surrounding the heliosphere. Robotic exploration can give access to all Solar System objects 

on a one-by-one basis and for limited amounts of time. In its simplest form, planetary fly-bys 

allow the first reconnaissance of an object or planet and are the way to start exploring the 

interstellar medium beyond the heliopause. Orbital exploration, often preceding different forms 

of in-situ exploration of atmospheres and surfaces, allow for a first characterization of the 

materials constituting each object, and can be foreseen for the Solar System’s eight planets. 

The key tool for an in-depth characterization of an object is to collect and return samples to 

Earth laboratories. The power and accuracy of analytical tools available in these laboratories 

will surpass the limitations of in-situ or remote sensing space-borne instruments for some time. 

Finally, Human exploration can bring the unique capabilities of scientists working directly on 

their observing sites with the support of large-scale infrastructures enabling their long-term 

presence and activities. The range of human exploration can probably extend to the asteroid 

belt and encompasses our Moon, Mars and Venus in the few decades to come.  
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These different observation techniques, with the addition of meteorite collection at Earth’s 

surface, are listed in the figure as seven types of missions to planetary bodies, and are used 

extensively in the building of the four pillars.  

3. Building the four pillars of the Horizon 2061 foresight exercise 

3.1.  Pillar 1: from science questions to measurement requirements 

The first step in building the four pillars of Horizon 2061 (figure 1.1) is to start from the six key 

science questions and identify for each of them the observations that are needed to properly 

address these questions: this process leads to measurement requirements that can be applied 

to current or future space missions. It will develop along two complementary paths: 

First, studying the solar system in the broader context of extrasolar planetary systems leads 

to a better understanding of planetary systems in general, and of the place occupied by the 

Solar System and its objects in the family of planetary systems. This analysis of Solar-

System/exoplanet science synergies, presented in chapter 2, already leads by itself to a set of 

measurement requirements that can be applied to solar system observations but also to extra-

solar planetary systems.  

As a second step, keeping this broader context in mind, one can determine the key 

observations of the different objects of the Solar System which are needed to properly address 

the six key science questions. Each science question thus generates a set of measurement 

requirements applied to each of the eight destinations considered in this study: the Earth-Moon 

system, the three terrestrial planets, gas giant and ice giant systems, the different classes of 

small bodies and finally the heliospheric boundaries and, beyond them, the interstellar 

medium. This extensive analysis of the most important observations to be performed at each 

destination, presented in chapter 3, can be summarized in a “science questions vs. 

destinations” matrix, as illustrated in Figure 1.6. 

Finally, one can add one column to the right-hand side of this matrix to describe the 

observations of extra-solar planetary systems suggested by the analysis of solar-

system/exoplanet science synergies made in chapter 2. 
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Figure 1.6: structure of the Science Questions vs. Mission Destinations matrix which summarizes the 

measurement requirements associated to each of the six science questions and each of the 9 

destinations proposed by the Horizon 2061 exercise. 

3.2.  Pillar 2: from measurement requirements to mission requirements 

Chapter 4 is devoted to the description of Pillar 2: a set of “representative planetary missions” 

designed to perform the critical measurements addressing the six key science questions. For 

each of the eight planetary system destinations, it determines the types and complexities of 

planetary missions needed to perform the observations identified in chapters 2 and 3. In this 

study, mission types are classified in nine categories, in approximate order of increasing 

complexity: 

1. Observations from Earth and its orbit; 

2. Meteorite collection; 

3. Flybys; 

4. Orbital exploration; 

5. In situ exploration; 

6. Sample return; 

7. Human exploration. 

These seven levels of complexity in exploration missions are displayed from bottom to top on 

the left-hand side of figure 1.7. Combined with the eight mission destinations displayed 

horizontally, they form the “Mission types vs. destinations” matrix, within which all the 

“representative missions” considered in this study are located in a given box.  
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Figure 1.7: An illustration of the structure of the “mission destinations” vs “mission types” matrix used 
to identify a set of “representative” space missions to the Solar System (and beyond…). 

These missions are divided into two sub-sets corresponding to two equal bi-decadal periods: 

1. Missions that could/should reasonably be flown by 2040, using technologies that are 

or will be soon available either directly in the space activities sector, or adapted from 

other domains to the needs of planetary exploration (many of them are already in the 

planning or implementation phase); 

2. Missions to be flown during the following two decades (2041-2061), which will likely 

require more advanced technologies, new or upgraded infrastructures and services 

and will enhance the overall science return of exploration missions.  

3.3. From representative missions to enabling technologies and supporting infrastructures 

The list of “representative missions” identified for the decades to come is not intended to be 

comprehensive, nor does it represent a “selection” of missions to be flown. Taken together, 

these missions have been chosen for their ability to (1) address the six key science questions 

and (2) generate representative requirements on enabling technologies, infrastructures and 

services: they link the first pillar (science questions) to the last two pillars (technologies and 

infrastructures) of the Horizon 2061 exercise. 

The methodology used to derive the main themes of pillars 3 and 4 is illustrated in Figure 1.8: 

each of the representative missions to one of the eight solar system destinations (and 

beyond…) generates new and specific requirements on the technologies needed to fly it, and 

on the infrastructures and services that shall support it. By analyzing these requirements 

“across the board”, one can derive a generic view of these requirements, classified into a small 

set of generic categories, leading to the contents of pillars 3 and 4.  
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Figure 1.8. An illustration of the links between the “mission destinations” vs “mission types” matrix (top 

panel) and the list of themes selected to describe future enabling technologies (Pillar 3, left-hand panel) 

and future infrastructures and services supporting planetary exploration (Pillar 4, right-hand panel).  

3.4.  Enabling technologies for future planetary missions (pillar 3) 

The technology requirements generated by future missions have been classified into six 

generic themes (Table 1 and Figure 1.8, bottom-right panel) which cover both robotic and 

Human exploration. Chapter 5 starts from this list to analyse the emerging technologies that 

will have the potential of fulfilling these requirements. Some of these technologies will require 

specific developments driven by the needs of planetary exploration. Some others may become 

available for planetary exploration as the result of developments made for other applications. 

Both types are presented and discussed in chapter 5. The six themes for future technology 

developments have been identified from inspection of the technology needs of the most 

challenging missions to be flown in the 2040-2061 time frame.  

Advanced instrumentation: The spectrum of scientific instruments to be carried to their 

operating site will reflect the increasing diversity of scientific disciplines and measurement 

techniques contributing to planetary sciences. Sample return characterization, collection tools 

and caches, geosciences investigations for in situ characterization of the surfaces, sub-

surfaces and interiors of planetary bodies, and astrobiology experiments dedicated to the 

detection and characterization of biosignatures will occupy a larger and larger fraction of 

payloads. The increasing distances and extreme environments where they will have to operate 

will drive spectacular increases of their sophistication, resilience, on-board data processing 

capacity and miniaturization.  

Mission architectures: the increased separation of functions between carriers adapted to long-

term interplanetary flights and science platforms adapted to extreme environments will push 

for more complex mission architectures, as will the increasing diversity of targets. As an 

example, visiting Trans-Neptunian objects transiting for the first time in the inner solar system, 
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like pristine comets and interstellar objects, will require mission scenarios “on alert” and multi-

platform mission architectures, following the example of the Comet Interceptor mission to be 

launched by ESA in 2028.  

System-level technologies: Missions to ice giant planets, to the Trans-Neptunian Solar System 

and to the interstellar medium are long-duration cruise missions. For them, far away from the 

sun and Earth, power, propulsion, data downlink capacities will remain the main bottleneck. 

They will likely require non-solar energy sources (necessarily nuclear), long-duration and high 

specific impulse propulsion systems (likely electric) and a very high degree of on-board data 

processing and compression before downlink. Progress made on these generic technologies 

will also become available for closer destinations. 

Science platforms for extreme environments: Giant planets and their moons, just like Venus 

and Mercury at the opposite extremum of environment temperatures, will offer major 

challenges of a different kind. The diversity of science platforms needed will be tailored to the 

extreme environments in which they will operate: atmospheric entry probes, landers operating 

in extreme temperature, pressure and sometimes radiation conditions, surface and 

atmosphere mobile elements, networks or clusters of platforms with stringent deployment 

requirements... Just like evolution and selection pushed living species on Earth to adapt to an 

increasing diversity of niches, the science platforms of the future will have to adapt to the large 

diversity of planetary environments and to operate with an increasing degree of autonomy.  

Technologies for long-term and sustainable exploration: for the Moon and later Mars, where 

human outposts could be established, opening expanded possibilities for their scientific 

investigation, a full new panoply of technologies enabling a sustainable human presence will 

have to be developed and proven before being used for routine operations: in situ resource 

utilization (ISRU), advanced environment control and life support systems, in-space and on-

site assembly and manufacturing processes, among other equally challenging innovative 

technology domains.  

Disruptive technologies: for all destinations, optimization of mass, power and telecom budgets 

and increasing demands on on-board autonomy, intelligence and computing capacity will 

continuously to push towards an increased miniaturization of instruments and platform 

equipment, enabling additional in situ measurements with compact mission architectures. The 

order-of-magnitude gains in efficiency needed might well be fulfilled only with “disruptive” 

technologies, such as Artificial Intelligence, micro-nanotechnologies and future technical 

breakthroughs that are in essence impossible to predict today.  

These themes are extensively explored in chapter 5. 

3.5. Infrastructures and services for future planetary missions (pillar 4) 

While each mission, taken individually, requires specific enabling technologies and technical 

support equipment, many space-based and ground-based infrastructures and services serve 

several missions, sometimes in an international cooperation framework. For instance, some of 

these equipments can be shared between different missions (e.g. DSN-type mission support). 

Some other facilities, technical or scientific (data centers, extraterrestrial sample curation 

facilities, …) facilitate science analysis “across missions” and produce significant additional 
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science return. The infrastructures and services that will be needed to support future planetary 

missions, classified into the eight themes listed in Figure 1.8., reviewed in chapter 6 (Foing et 

al., 2022) are briefly introduced here, following the path of a planetary mission or telescope 

observation, from the acquisition of the data, through their delivery to the scientific users, to 

the production of new scientific results, ending up with a special focus on the necessary human 

resources.  

A first group of infrastructures are those which directly support the acquisition of new scientific 

data, i.e. the observation tools themselves. They include: 

Infrastructures for scientific observations (telescopes and observatories): Section 2 of chapter 

4 reviewed the critical role that Earth-based telescopes, observing in a variety of wavelengths 

from radio to X rays, will continue to play in planetary sciences. Access to the new emerging 

generation of giant telescopes, ground-based or in space, will be extremely important for the 

planetary science community.   

Infrastructures for planetary mission operations: from the launch facilities through the 

communication and navigation support to mission operation centers, they will have to offer 

services of increasing quality and duration to the demanding missions contributing to pillar 2. 

Infrastructures for long-term human exploration: heavy launchers, orbital stations (including 

the Lunar gateway) and Moon or Mars outposts will have to be designed to support the long-

term presence of astronauts conducting scientific experiments. 

Infrastructures for sample collection, curation and analysis: sample return from a broad class 

of solar system objects will likely increase its importance in the decades to come. To implement 

the processing chain linking the collection of samples to their return to Earth, their curation and 

their analysis under heavy planetary protection constraints, world-class facilites for the 

preservation, curation, analysis and finally dissemination of samples and related data will be 

needed.  

A second group deals with the different types of natural space hazards encountered by 

spacecraft during their missions. They are the infrastructures for monitoring of space weather 

and other space-related hazards: observing, monitoring, and when possible predicting space 

weather events will be a necessity for long-duration human flights, just like weather forecast 

today has to support airborne navigation. In return, observations of space weather and also of 

other space-related hazards, such as Earth-crossing asteroids, will directly benefit to the safety 

and protection of humans on Earth and their equipments.   

A third group of facilities produces scientific data and information that are needed as a 

complement to space observation data and contribute to optimize their interpretation: they are 

the Earth-based simulation facilities and laboratory experiments. Understanding how the 

diversity of planetary systems objects and their different layers work cannot be fully achieved 

solely by observing them. Earth-based simulation facilities and test fields are used to 

reproduce and study the conditions prevailing in specific planetary environments, or to 

measure their physical and chemical properties in laboratory experiments tailored to the need. 

These facilities can benefit from heavy and accurate measurement equipments that are not 

available in situ in space.  



 

 17 

All of the infrastructures and services previously mentioned produce scientific data contributing 

to address scientific questions concerning planetary systems and their objects. But most of the 

time, addressing a specific scientific question requires the combined use of several data 

sources among them. In addition, very often, when one starts investigating a question, one 

does not know yet which type of data can help addressing it, and where it can be found. Here 

comes the central role of dedicated facilities designed to provide the best possible interface 

between the huge diversity of data and their scientific end-users: data systems and virtual 

observatories. Continued progress in planetary research will rely even more in the decades to 

come on a simultaneous access to a diversity of sources of information and analysis mentioned 

above, to which one still has to add the huge data volumes produced by numerical simulations. 

Human resources and socio-economic services: finally, operating the diversity of facilities 

mentioned above will require the training of a new generation of young scientists, engineers, 

mission specialists, laboratory researchers and astronauts. It is this next generation of diverse 

“planetary explorers”, working together with their complementary skills, which will conduct 

scientific experiments from robotic probes to future lunar outposts, design new ways of 

operating planetary missions, or develop on Earth the tools required to ripe the scientific fruit 

of new planetary exploration missions up to the 2061 horizon. 

This broad spectrum of infrastructures and services is extensively explored in chapter 6, the 

report on Pillar 4, by Foing et al. (2022). 

4. The enabling power of international collaboration 

As shown throughout this book, addressing the overarching science goal that has guided the 

formulation and development of the “Planetary Exploration, Horizon 2061” foresight exercise, 

“Explore and understand the evolution of planetary systems, from their formation to the 

possible emergence of habitable worlds and life” 

requires a large number of observations in all provinces of the Solar System. Performing these 

observations requires a number of challenging and costly planetary missions, some of which 

may be out of reach of a single space agency: accomplishing such a huge task, even over 

several decades, clearly takes an international effort building on the combined science return 

of a large number of space missions.  

This is the reason while international collaboration will play a key role to reach this ambitious 

objective. The Horizon 2061 foresight exercise concludes with this final, particularly stimulating 

perspective, offered in chapter 7 (Perino et al., 2022). Starting from the historical roots of 

international cooperation in space and from an analysis of the international dimensions of the 

four pillars of Horizon 2061, this final chapter examines the different modes of international 

collaboration that have proven to be successful until now, from coordination working groups 

and cooperation at the instrument level to more complex forms of cooperation such as 

coordinated multi-platform missions and integrated programs. They showcase the example of 

three different national space agencies practising international collaboration as an integrated 

part of their strategy. Their analysis shows the outstanding benefits international collaboration 

can provide to achieve the major goal offered by the Horizon 2061 perspective: fly successfully, 

before the next return of Comet Halley into the inner solar system, a significant fraction of the 
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exciting and challenging planetary missions that will help us better understand how the Solar 

System formed, evolved, works today and gave birth to Life. 
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