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RADIO SCIENCE EXPERIMENTS

WITH THE HERA MISSION

Summary
This thesis describes, designs, and develops the Hera Radio Science Experiment at the
Didymos binary asteroid system. Hera represents the European Space Agency’s inaugu-
ral planetary defence space mission, and plays a pivotal role in the Asteroid Impact and
Deflection Assessment international collaboration with the NASA DART mission that per-
formed the first asteroid deflection experiment using the kinetic impactor technique. With
the primary objective of conducting a detailed post-impact survey of the Didymos binary
system following the DART impact on its small moon called Dimorphos, Hera aims to
comprehensively assess and characterize the feasibility of the kinetic impactor technique in
asteroid deflection while conducting in-depth investigation of the asteroid binary, including
its physical and compositional properties as well as the effect of the impact on the surface
and/or shape of Dimorphos. In this context, the Hera radio science experiment will allow
to precisely estimate key physical parameters that are required to determine the momen-
tum enhancement resulting from the DART impact, namely the mass, mass distribution,
rotational states, relative orbits, and dynamics of the asteroids Didymos and Dimorphos.
Through multi-arc covariance analysis the achievable accuracy for these parameters are
presented.

Chapter 1 presents an introduction to the binary asteroids and planetary defence, an
overview on the principal small bodies investigations, with a focus on DART, LICIACube,
and Hera. Chapter 2 introduces the orbit determination problem, outlining its objectives,
goals, and the measurements used in the investigation. This Chapter also describes the
covariance analysis procedure, the multi-arc estimation, the methods employed in the orbit
determination simulations, as well as the mathematical models required for the different
classes of adopted measurements.

Chapter 3 describes the research conducted on the Inter-Satellite Link system, with
the goal to develop and characterize the performances of such systems, and increase their
Doppler accuracy for gravity science purposes.

Chapter 4 defines the dynamical model, the measurement model and its associated
noises, and the filter setup used in the orbit determination simulations. Chapter 5 presents
the key results of the covariance analysis for Hera’s radio science experiment using standard
planetary science methods, which consider the full expected asteroid phase and are based



on ground radiometric measurements, Hera optical images, and Hera to CubeSats Inter-
Satellite Link radiometric measurements. The expected formal uncertainties for Didymos
and Dimorphos masses are better than 0.01% and 0.1%, respectively, while their J2 formal
uncertainties are better than 0.1% and 10%, respectively. Regarding their rotational state,
the absolute spin pole orientations of the bodies can be recovered to better than 1 degree,
and Dimorphos spin rate to better than 10�3%. Dimorphos reconstructed relative orbit
can be estimated at the sub-m level. Overall, the retrieved values satisfy the Hera radio
science requirements and goals.

The second part of Chapter 5 focuses on a multi-instrument multi-spacecraft inves-
tigation, showing parametric analyses on different type of measurements with the goal
to characterize the scientific contribution carried by these additional observables in the
context of small bodies investigations, namely LIDAR altimetry data, Hera Low Gain
Antenna radiometric measurements, CubeSats optical images, and Inter-Satellite tracking
after the CubeSats’ landing. For each of these measurements, key properties and assump-
tions are varied as part of a sensitivity analysis, namely sampling frequencies, observation
geometries, noise models, and associated weights within the orbit determination filter.

Chapter 6 establishes the connections between the estimated parameters derived from
the Hera radio science experiment and the geophysics of the investigated bodies, including
their internal structure, dynamics, and momentum transfer efficiency following the DART
impact. In particular, the expected uncertainty of the momentum transfer efficiency pa-
rameter, �, enabled by the Hera mission is derived.

Finally, Chapter 7 defines and implements the full two-body problem, a higher fidelity
model, which describes the complex mutual gravitational interaction between Didymos-
Dimorphos, coupling their translational and rotational motion. Within this Chapter we
outline the model implementation in MONTE software, we evaluate the relaxed initial
conditions for the system, and perform covariance analysis employing the full two-body
problem. A comparison with respect to the results of Chapter 5 is provided.

The Hera radio science experiment will play an integral role in the exploration of the
Didymos binary asteroid system and will provide unique scientific measurements, which
will support the mission’s overarching goals in planetary defence and the deep understand-
ing of binary asteroids.

Keywords: Radio Science; Gravity; Hera; Didymos; Small Bodies; Planetary Defence
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Introduction

Contents
1.1 Binary asteroids: formation, evolution and dynamics . . . . . . 1

1.2 Planetary Defence . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Small bodies investigations . . . . . . . . . . . . . . . . . . . . . 5

1.2.1.1 DART and LICIACube . . . . . . . . . . . . . . . . . . 8

1.3 The Hera mission . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1 Hera radio science experiment . . . . . . . . . . . . . . . . . . . . 16

1.1 Binary asteroids: formation, evolution and dynamics

Despite being a relatively nascent field, the study of the small bodies like asteroids and
comets is vital as they offer insights into properties and processes challenging to verify by
other means, such as the formation and evolution of the early solar system.

Binary asteroids, first discovered by the Galileo spacecraft in 1993 within the Ida(243)-
Dactyl system, have since been identified through diverse observation methods, including
ground-based and space-based techniques. They are now recognized across various dy-
namical classes of minor planets, encompassing Near-Earth Asteroids (NEAs), Main Belt
Asteroids (MBAs), Trojans, and Trans-Neptunian Objects (TNOs). This thesis focuses
specifically on the notable subset of NEAs binaries, constituting approximately 15±4% of
the overall population (Pravec et al., 2006; Pravec and Harris, 2007).

Furthermore, it is estimated that about 9% of NEA objects are contact binaries, enti-
ties that likely once existed as a binary pair but have merged due to the collapse of their
shared orbit and a low-speed collision. These findings indicate a substantial fraction of
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NEAs existing as or transitioning into binary systems, governed by complex dynamical
evolution mechanisms. A key scientific question revolves around understanding the pro-
cesses governing binary formation, evolution, and destruction, along with their frequency
and timescale. The spin-orbit classification of binaries includes asynchronous, synchronous,
and doubly synchronous binaries (Scheeres, 2016).

Describing the processes governing the formation and evolution of binary asteroids
is further complicated by the intricate dynamical interactions between these irregularly
shaped bodies, which undergo fully coupled translational and rotational motion, i.e. the
Full Two-Body Problem (F2BP), which is investigated in Chapter 7.

Initially, the favored model for the formation of binary systems involved tidal disruption
during planetary flybys. However, simulations using packed-sphere asteroid models suggest
that planetary encounter tidal disruption alone cannot explain more than a 1-5% occur-
rence of binaries within the NEA population (Paddack, 1969; Pravec et al., 2016). Tidal
encounters disrupt pre-existing binaries as effectively, if not more so, than they contribute
to the formation of new binaries by pulling apart single progenitor bodies.

In this context, the observation that most NEAs have a rapidly rotating primary is a
key piece of evidence that has led to a closer investigation of rotational fission as the dom-
inant binary formation mechanism (Margot et al., 2002; Jacobson et al., 2013). Analyses
conducted by Scheeres (2007); Walsh et al. (2008) expanded on these studies and discovered
that the creation of binary asteroid systems is possible through rotational fission induced
by the Yarkovsky–O’Keefe–Radzievskii–Paddack (YORP) effect. Indeed, the low-gravity
environment increases sensitivity to Non-Gravitational Accelerations (NGA), especially
from the Yarkovsky force and related YORP and binary YORP (BYORP) effects, crucial
mechanisms in the evolution of these bodies. The effects of Yarkovsky force, YORP, and
BYORP have been extensively studied recently, and relevant literature includes the works
of Vokrouhlický et al. (2000); Vokrouhlický and Čapek (2002); Čapek and Vokrouhlický
(2004); Farnocchia et al. (2013, 2021); McMahon and Scheeres (2010a,b); Quillen et al.
(2022).

After the initial formation, it has been demonstrated that tidal synchronization of the
secondary is the fastest tidal process within the binary system, resulting in a tidally locked
secondary orbiting a still rapidly rotating primary (Goldreich, 2009). This class of singly
synchronous binary systems is the most prevalent among binary asteroid systems in both
NEAs and MBAs populations, particularly for primaries with a radius smaller than 10 km
(Margot et al., 2002; Pravec et al., 2006). The further evolution of the system is then driven
by the combination of tides and BYORP, which may lead to long-term equilibrium or cause
the mutual orbit to grow to the Hill radius, where it can be disrupted by distant third-body
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encounters (Jacobson and Scheeres, 2011b). A summary of the asteroids formation process
and evolution is provided in Figure 1.1.

Figure 1.1: NEAs evolutionary tracks. The q parameter reprents the rotational fission component
mass ratio. Figure from Jacobson and Scheeres (2011a).

Focusing now on the Didymos system, which is the subject of this dissertation, this
binary asteroid system is composed by a central body called Didymos, which has a diameter
of �780 m, while the secondary body is Dimorphos, a �151 m diameter asteroid orbiting
Didymos, see Figure 1.2. The two asteroids distance is roughly 1.21 km.

The distinctive spinning-top shape and rapid rotation of Didymos hint at a rubble-pile
structure, suggesting possible formation scenarios like spin-up-driven mass loss followed
by the gravitational accumulation of the secondary, or gravitational reaccumulation after
a catastrophic disruption, as proposed by Richardson and Walsh (2006). A rubble-pile
asteroid refers to a gravitational assembly of loosely consolidated materials, essentially
forming a pile of rubble. This classification can also encompass bodies that have undergone
complete fragmentation and subsequent reassembly (Richardson et al., 2002). Moreover,
its spin rate surpasses the spin barrier at the nominal bulk density of ’ 2.17 g cm-3,
indicating some degree of interparticle cohesion and/or a higher bulk density, as indicated
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Figure 1.2: Didymos binary asteroid system, showing the central body Didymos on the right
(� 780 m diameter), and the secondary body Dimorphos on the left (� 151 m diameter). This
is a real image of the Didymos system taken by DART DRACO camera mosaics. Image credit:
NASA/Johns Hopkins APL, https://dart.jhuapl.edu/Gallery/.

by studies conducted by Zhang et al. (2018, 2021). If Dimorphos and Didymos share
a common origin, it implies that Dimorphos is also likely a rubble-pile (Agrusa et al.,
2021). The highly dissipative nature of rubble-pile asteroids suggests that the system has
undergone sufficient time for Dimorphos to become tidally locked and enter a dynamically
relaxed state, in accordance with the theories proposed by Goldreich (2009) and Jacobson
and Scheeres (2011a).

In conclusion, understanding the dynamics of binary systems is crucial for safely con-
ducting mission operations within binary systems, like the Didymos system. Furthermore,
achieving meaningful scientific results through Radio Science and related experiments ne-
cessitates precise modeling of these celestial bodies.

1.2 Planetary Defence

A specific category of NEAs celestial bodies, known as Potentially Hazardous Asteroids
(PHAs), presents a potential threat to Earth due to the risk of significant damage upon
impact. PHAs are characterized by a mean diameter exceeding 140 meters and a minimum
orbit intersection distance to Earth less than 0.05 Astronomical Unit (AU) (Perna et al.,

https://dart.jhuapl.edu/Gallery/
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2013). With the continuous expansion of our knowledge about Near-Earth Objects (NEOs)
over the past decades, the statistical probability of a potentially catastrophic event has also
increased, albeit remaining at a very low likelihood. Nevertheless, being prepared for such
events is crucial, as it may be the only means to ensure the survival of humankind.

In the realm of planetary defence missions, the objective is to prevent the impact of
PHAs, employing various techniques. The gravity tractor1 method, while effective, de-
mands an extended duration to yield substantial results. On the other hand, deflection
through a nuclear explosion, utilizing radiation, is considered the most viable solution
for asteroids larger than 100 meters in diameter (Ahrens and Harris, 1992). However,
for smaller asteroids, where the likelihood of Earth impact is deemed higher (Ivanov and
Hartmann, 2007), the most efficient deflection technique involves the impact of a rocket-
launched spacecraft, the so-called kinetic impactor technique. In this context, the first two
humankind planetary defence space missions are the DART (NASA) and HERA (ESA) mis-
sions. Together, they constitute the Asteroid Impact and Deflection Assessment (AIDA)
international collaboration. The objective of this cooperation is to evaluate the feasibility
and effectiveness of the kinetic impactor technique for asteroid deflection.

1.2.1 Small bodies investigations

In the context of planetary defence, missions exploring small celestial bodies, such as aster-
oids and comets, play a pivotal role. These missions yield essential data that enhance our
understanding of the properties, compositions, and orbits of these objects. Such knowledge
is crucial for devising effective strategies to mitigate potential threats to Earth.

By studying the composition, structure, and surface properties of asteroids, missions
like NEAR-Shoemaker (Prockter et al., 2002), Stardust (Brownlee et al., 2003), Rosetta
(Glassmeier et al., 2007), Deep Impact (A’Hearn et al., 2005), Hayabusa (Yoshikawa et al.,
2015), Dawn (Russell and Raymond, 2012), Hayabusa2 (Watanabe et al., 2017), OSIRIS-
Rex (Lauretta et al., 2017), DART (Cheng et al., 2018), Lucy (Levison et al., 2021), Psyche
(Lord et al., 2017), Hera (Michel et al., 2022) and many others contribute to our knowledge
of these celestial bodies’ characteristics. This information is vital for assessing the potential
impact consequences and devising appropriate deflection or disruption techniques.

The Near Earth Asteroid Rendezvous (NEAR) mission, later renamed NEAR-Shoemaker,
was launched by NASA in 1996. It successfully reached and orbited the asteroid Eros
in 2000, becoming the first mission to orbit and land on an asteroid’s surface. NEAR-
Shoemaker provided valuable data on Eros’ composition, structure, and surface proper-

1a conceptual spacecraft designed to alter the trajectory of another celestial object in space without
direct physical contact, relying solely on its gravitational field to convey the necessary impulse.
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ties. The mission’s close-up observations and measurements significantly enhanced our
understanding of near-Earth asteroids and paved the way for future asteroid exploration
missions (Yeomans et al., 2000; Veverka et al., 2001; Zuber et al., 2000).

NASA’s Stardust mission, launched in 1999, had a unique goal: to collect samples
directly from the coma of comet Wild 2. It achieved this by utilizing a special collector
made of aerogel. After collecting the cometary material, Stardust returned to Earth in
2006, allowing scientists to analyse the pristine samples in laboratories. Stardust’s suc-
cessful sample return provided unprecedented insights into the composition and structure
of cometary matter, offering a glimpse into the building blocks of our solar system and the
organic materials present in comets (Brownlee, 2014).

The European Space Agency’s Rosetta mission, launched in 2004, achieved an extraor-
dinary feat by rendezvousing with comet 67P/Churyumov-Gerasimenko. Rosetta’s primary
objective was to study the comet’s nucleus, coma, and the dynamic interactions between
the comet and the Sun. It deployed the Philae lander, which successfully touched down
on the comet’s surface. Rosetta’s comprehensive observations and measurements provided
invaluable data about the composition, structure, and activity of comets, deepening our
understanding of these primitive remnants from the early solar system (Taylor et al., 2017).

NASA’s Deep Impact mission, launched in 2005, strongly improved our understanding
of comets. It achieved this by intentionally colliding with the comet Tempel 1. This
groundbreaking approach allowed scientists to study the resulting debris, unveiling valuable
insights into the composition, structure, and formation processes of cometary nuclei. Deep
Impact’s observations provided critical data for deciphering the origins and evolution of
these enigmatic celestial objects (Henderson and Blume, 2015).

The Japan Aerospace Exploration Agency’s (JAXA) Hayabusa mission, launched in
2003, achieved remarkable milestones in asteroid exploration. It rendezvoused with the
near-Earth asteroid Itokawa in 2005 and successfully collected surface samples. Hayabusa
faced numerous technical challenges, including a malfunctioning reaction wheel and diffi-
culties with sample collection. Nevertheless, it returned to Earth in 2010, becoming the
first mission to bring back asteroid samples for detailed laboratory analysis. Hayabusa’s
samples provided invaluable insights into the composition and origin of near-Earth aster-
oids (Fujiwara et al., 2006).

The Dawn mission, launched by NASA in 2007, embarked on an extraordinary explo-
ration of the asteroid belt. Its primary targets were two intriguing bodies: the protoplanet
Vesta and the dwarf planet Ceres. Dawn orbited Vesta from 2011 to 2012, providing un-
precedented details about its geological features, composition, and history. Subsequently,
it journeyed to Ceres, where it orbited between 2015 and 2018. Dawn’s observations of
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Ceres unveiled a diverse world with a complex interior, water ice, and intriguing bright
spots, shedding light on the origins and evolution of dwarf planets (Bland et al., 2016; Fu
et al., 2017; Park et al., 2014, 2016, 2019, 2020).

Following the success of Hayabusa and previous missions, extended missions were
planned to further explore asteroids and expand our knowledge of these celestial bod-
ies. JAXA’s Hayabusa2 mission, launched in 2014, built upon the success of Hayabusa. It
reached the near-Earth asteroid Ryugu in 2018 and conducted a series of close-range ob-
servations, sample collection, and deployment of landers and impactors (Tsuda et al., 2020;
Yada et al., 2022). The mission’s extended phase involves departing Ryugu and heading
towards a new target asteroid, 1998 KY26, with an anticipated arrival in 2031. This ex-
tended mission will provide insights into the diversity of asteroids and their evolution over
time (Hirabayashi et al., 2021).

Similarly, NASA’s OSIRIS-REx mission, launched in 2016, has also entered an extended
phase. After successfully collecting a sample from the near-Earth asteroid Bennu in 2020,
OSIRIS-REx departed Bennu in 2021 and began its journey back to Earth. During the
extended mission phase, OSIRIS-REx will continue to study Bennu remotely, analyzing
its environment, monitoring its trajectory, and providing valuable data on the Yarkovsky
effect, a subtle force that influence asteroid orbits (Scheeres et al., 2019). The sample
return is expected to reach Earth in late-2023, enabling detailed laboratory investigations
of Bennu’s composition. Hayabusa2 and OSIRIS-REx extended missions are contributing
to our understanding of asteroid formation, evolution, and the potential hazards they pose
to Earth. By exploring multiple asteroids, these missions provide crucial comparative data
that helps refine our knowledge of the diverse population of near-Earth objects.

Several international initiatives and organizations focus on planetary defence coordina-
tion. The International Asteroid Warning Network (IAWN) and the Space Mission Plan-
ning Advisory Group (SMPAG) facilitate information sharing and collaboration among
space agencies, observatories, and research institutions. These coordination efforts ensure
a unified global response to potential asteroid threats and promote the exchange of data,
technology, and expertise. In this context, NASA-Jet Propulsion Laboratory Solar Sys-
tem Dynamics group, the NEODyS team and the ESA-NEOCC group actively focus on
determining the motion and physical parameters of natural planetary objects, as well as
uncertainties in the orbital elements which are useful in observation planning, hazard as-
sessment and mission planning (NASA-JPL, 2023; Near Earth Objects - Dynamic Site,
2023; Near-Earth Objects Coordination Centre, 2023).

Numerous future missions are planned to advance our understanding of small bodies.
Thanks to their valuable data they will facilitate the development of effective mitiga-
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