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Foreword 
 
 
 This manuscript is a synthesis of two aspects of my research work performed 
over the last twenty years.  

The first aspect concerns the application of the space geodesy concepts and 
techniques to the reconstruction of the motion of deep space probes orbiting or flying 
by planets or moons. I have focused the manuscript on orbiters around Mars, especially 
on the NASA’s Mars Global Surveyor and Mars Odyssey as well as on the ESA's Mars 
Express spacecraft. I will synthetise the precise orbit determination performed with the 
tracking data of these spacecraft and emphasise on the results in terms of the internal 
structure of Mars and its moons, Phobos and Deimos. 

The second aspect concerns the modeling of the formation of the Martian 
moons. It is an application of models of moons and planets formation to the formation 
of the Martian moon system. This is a pioneering effort, never done before, which has 
provided an outstanding contribution to our understanding of the formation of the two 
small satellites of Mars.  

At the end of each of the two aspects, I suggest paths of investigations for 
continuing this work in relation with the opportunities of geodesy experiment offered 
by the missions of the solar system exploration launched, in preparation or yet to be 
selected for the ten years to come. 
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1 Improving the determination of the gravity of the 
Martian system 

 

1.1 Introduction 
 

Planetary geodesy aims to measure the dynamical characteristics of planets, such 
as gravity field and proper motion (spin and orientation variations). Measurements are 
performed using space tools, and in particular spacecraft orbiting the planets or landing 
on its surface. These dynamical characteristics are the result of the evolution of the 
interior of the planet as well as of the mass exchanges between the surface and the 
atmosphere inducing seasonal variations of gravity and spin. 

 
Mars is an interesting target for planetary geodesy since its interior structure is not 

well known in the absence of seismic data1 , and significant amounts of CO2 are 
exchanged between the atmosphere and the polar caps over the seasons. Mars also has 
two natural satellites, Phobos and Deimos, whose origin remains mysterious. A better 
knowledge of their interior may also help to understand the processes and conditions 
prevailing at their formation. 

 
The basic techniques of planetary geodesy are to precisely monitor the motion of 

spacecraft (orbiter or lander) in order to determine the dynamical parameters of the 
planet (and its moons). These parameters are then used to constrain the models of the 
planet inner structure and physical properties. I have applied these techniques to the 
ESA’s and NASA’s spacecraft sent to Mars over the last two decades. I summarise in 
the following sections my achievements mainly based on the publications [PR5], 
[PR10], [PR12], [PR13], [PR14], [PR22], [PR26], and [P14] (see Section 4). 

 

1.2 How does gravity field perturb the orbital motion of a spacecraft? 
 

The basic principle to determine the gravity field from space is to monitor the free 
fall motion of a spacecraft in the gravity field of the planet2. The gravity field is then 
determined from the precise reconstruction of the orbital motion (e.g. Balmino et al., 
1982; Konopliv et al., 1999, 2006, 2016; Lemoine et al., 2001; Marty et al., 2009, Smith 
et al., 2012; Genova et al., 2016, 2019; Konopliv et al., 2020). The monitoring of the 
spacecraft motion is performed using the telemetry radio link between the spacecraft 
and deep space antennas located on the Earth. In order to understand how the gravity 
field is determined from the radio tracking of the spacecraft motion, it is first necessary 
to understand the gravity field perturbs the orbital motion of the spacecraft.  

 
 
 

 
1 The mission InSight landed on Mars surface in 2018 is presently performing the first recordings of 
Mars seismic waves.  
2 It is the same principle used by absolute gravimeters to measure the Earth’s gravity on the 
ground.  
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1.2.1  Representation of the gravity field 
 

The gravity field of a terrestrial planet is derived from its gravitational potential 
𝑈(𝑟) . This potential represents the sum of the mass distribution inside the planet 
weighted by a factor proportional to the inverse of the square of the distance to the point  
𝑃(𝑟) located at the exterior of the body3. This distribution is mainly radial, since the 
planet is large enough to allow only modest lateral variations of internal mass. A 
convenient representation of the gravitational potential is thus in terms of a spherical 
harmonics series as follows (Eq. 1): 
 

𝑈(𝑟, 𝜑, 𝜆) =
𝐺𝑀
𝑟 +

𝐺𝑀
𝑟 ./

𝑅
𝑟1

!

. 𝑃!"(sin𝜑)[𝐶!" cos(𝑚𝜆) + 𝑆!" sin(𝑚𝜆)]
"#!

"#$

%

!#&

 

 
where G is the gravitational constant, M is the mass and R the equatorial reference 
radius of the planet, Clm and Slm are dimensionless harmonic coefficients of degree l 
and order m, the Plm are the Legendre functions of the first kind (associated Legendre 
polynomials with m=0), and r, j, l are the spherical coordinates of the point P in a 
reference system fixed with respect to the planet. The gravity field generated by this 
sum of spherical harmonics potentials corresponds to a superposition of anomalies of 
different wavelengths at the surface of the sphere with a radius equal to the equatorial 
radius R (Figure 1). Each wavelength is given as the ratio between the perimeter of the 
sphere and the degree l. The associated spatial resolution is half of the wavelength.  
 

 
Figure 1 : Harmonics of the gravity field up to degree l and order m equal to 10. They are zonal for m=0, sectorial 
for m=l, otherwise tesseral. 

 
3 At any point P located outside the smallest sphere encompassing the entire mass distribution of 
the planet. 

Zonal harmonics Tesseral and sectorial harmonics
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The first term in the right hand side of Eq. 1 represents the central term U0 of 

the potential and the second term represents the perturbing potential Up. This latter 
potential generates the velocity perturbations around the mean Keplerian orbital 
motion driven by the central term U0 (see Appendix A)4.   
 

1.2.2 From the gravity field to the orbital velocity perturbations 
 

The perturbations of the orbit (position and velocity) of the spacecraft can be 
assessed through the perturbations of the Keplerian or orbital elements. The Keplerian 
elements, shown in Figure 2, are the orbital plane inclination i and the longitude of the 
ascending orbital node W  that gives the orientation of the orbital plane in space, the 
longitude of the periapsis w giving the position of the ellipse within the orbital plane, 
the semi-major axis a and the eccentricity e corresponding to the size and the shape of 
the ellipse, and the mean anomaly M that places the spacecraft in the ellipse at any time 
(M is derived from the true anomaly v, see Appendix A). In the Keplerian motion only 
M varies with time and the spacecraft motion follows a perfect ellipse (see Appendix 
A). 

 

  
Figure 2 : (Left) orbital elements of the orbiting spacecraft and (right) their time variations (or perturbations) 
due to the gravitational potential of the planet (from Kaula’s linear theory, see Annex B). The mean anomaly is 
obtained from the true anomaly (see Appendix A). 

However, the non-sphericity of the planet and its non-uniform mass distribution 
vary the orientation, shape and position of this ellipse with time. As the gravity potential 
generates a conservative force, the Lagrange equations can be used in order to describe 
the variations of the orbital elements (see Appendix B). These equations have no 
analytical solutions, but to assess orbital perturbations with respect to the Keplerian 
motion, approximate solutions can be computed using perturbation theory. Kaula 
(1966) gave one of the most useful solutions. In his approach, the perturbing 
gravitational potential Up is developed as a function of the Keplerian elements (see 
Appendix B), then introduced in the Lagrange equations that are solved in two steps: 
the first consists in solving for the secular variations and the second for the periodic 
variations of the orbital elements. These are shown superimposed to the secular 
solutions in Figure 2. 

The secular variations correspond to the orbit precession, which induces a drift 
of the longitude of the ascending node W  and of the periapsis w as well as to some 

 
4 The Keplerian motion is the motion that the spacecraft would follow, if the planet was a sphere with 
uniform mass density.   

S
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extent of the mean anomaly M while the three others elements remain constant. The 
orbit precession is the major perturbation of the Keplerian motion. Only even zonal 
harmonics contribute to the secular variations of the orbital elements (see Annex B). 
On the other hand, periodic variations of the orbital elements manifest as small 
perturbations of the secular motion and affect all orbital elements. All gravitational 
harmonics contribute to these periodic variations. Their periods depend on the secular 
rates of the orbit precession and on the rotation rate of the planet, and their amplitudes 
are decreasing from longer to shorter periods (see Annex B).    
From variations of orbital elements predicted by Kaula’s linear theory, perturbations of 
the spacecraft velocity can be derived. An example is given in Figure 3 for Mars Global 
Surveyor (MGS) and Mars Odyssey (ODY) orbits (Table 1).  
 

 

 
Figure 3 : Diagram of Mars gravity orbital effects on MGS and ODY (Kaula’s linear theory), shown as velocity 
perturbations for pairs of Clm and Slm. The color scale corresponds to the decimal logarithm of the perturbation 
in m/s. The 0.1 mm/s dotted line corresponds to about twice the ultimate capabilities of the tracking system in 
X-band. Note the resonance bands which differ slightly between MGS and ODY as the order m increases, and 
the different perturbation amplitudes (adapted from Marty et al., 2009). 

These velocity perturbations are of the order of a few mm/s and decrease with 
increasing degree and order (as depicted by the black dashed line in Figure 3), i.e. from 
long to short wavelength harmonics of the gravity field, due to the sharp decrease of 
the perturbing potential with increasing degree l (as 1/r(l+1) in Eq.1). In addition, the 
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root mean square of pairs of Clm and Slm of degree l follows a A/l2 power law with A 
depending on the planet, which is known as Kaula’s law (Kaula, 1966).  
 

Spacecraft MGS ODY MRO MEX 
Altitudes (in kmxkm) 358x434 358x434  255x320 250x11500 

Semi-major axis (in km) 3796 3796 3687 9355 
Eccentricity 0.01 0.01 0.009 0.6 

Inclination (in °) 92.9 93.1  86.5 
Table 1: Orbital characteristics of MGS, ODY, MRO and MEX. 

Kaula's theory can also be used to predict harmonics, which produce higher velocity 
perturbations at a particular degree l and order m. This corresponds to a phenomenon 
of ‘resonance’ involving the Ω, ω, and M secular rates and the rotation rate of the planet 
(see Appendix B). The few harmonics concerned by this phenomenon are clearly seen 
in Figure 3 at degree and order up to 90. It helps to define the maximum degree L for 
the spherical harmonics expansion (for instance, the solution using MGS tracking data 
are expanded up to degree 80 (Lemoine et al., 2001), and up to 95 (Konopliv et al., 
2006; Marty et al., 2009) using additional ODY tracking data). 

However, the velocity perturbations vanish for most harmonics after degree and 
order 60 (Figure 3), clearly showing that beyond, harmonic coefficients will be too 
affected by noise and therefore difficult to resolve5. This is expressed in the gravity 
solution as the degree strength (i.e. the degree beyond which the error on the gravity 
coefficients is larger than their values). The degree strength for Mars gravity solutions 
using MGS/ODY tracking data is about 60-70 (Lemoine at al., 2001; Konopliv et al., 
2006; Marty et al., 2009). 
 

The analytical solutions of the planetary Lagrange equations, such as Kaula’s 
solution, shows how the orbital motion is perturbed by the harmonic coefficients of the 
gravity field. It emphasizes the importance of the orbit, which filters and resonates with 
several harmonics, so that each orbit senses differently the gravity field (Figure 3). 
From measurements of spacecraft velocity perturbations, harmonic coefficients Clm and 
Slm can be retrieved and the gravity field reconstructed given the mass and radius of the 
planet. A maximum degree L can in principle be reached, but the actual resolvable 
harmonics (degree strength) is lower and depends on the performance of the monitoring 
or tracking system (accuracy and spatial coverage). 

1.2.3 From the orbital velocity perturbations to the gravity field 
 
Based on Kaula’s theory, one can perform a variance-covariance analysis of the 

gravity solution obtained by measuring spacecraft velocity perturbations. This analysis 
needs to compute the partial derivatives of the orbital velocity with respect to the 
harmonic coefficients Clm and Slm (Balmino and Perosanz, 1995). Assuming that the 
three components of the velocity are measured with the same accuracy and with a 
spatial coverage paving the entire surface of the planet, the theoretical uncertainty on 
each harmonic coefficient recovery can be computed. These assumptions are not 

 
5 The solution of Kaula also shows that each secular and each periodic perturbation does not depend on 
a single gravity harmonic but on a linear combination of several degree and order harmonics (called 
lumped harmonics, see Annex B). Therefore, given orbital characteristics, it is difficult to properly 
separate each harmonic, especially at high degree where the velocity perturbations are close to the 
precision of the velocity measurements (SNR=1). 
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realistic with regard to the tracking Doppler system (see section 1.3.3) but the quality 
of the gravity solution can be estimated as a function of the spacecraft orbit and the 
accuracy of the velocity measurements.  

 
An example of this analysis is given in Figure 4 for the case of a Martian orbiter 

with a circular orbit at different altitudes. In this simulation an error of 0.05 mm/s is 
assumed for the velocity measurements. The degree strength corresponds to the 
intersection between the expected power spectrum of the gravity harmonics (A/l2 
Kaula’s law) and the spectrum of the error (theoretical uncertainty). The dependency 
between the gravity field resolution and the orbital altitude is clearly visible: the lower 
the altitude, the better the spatial resolution. As a consequence, the spatial resolution of 
a gravity field solution varies at the surface of the planet according to the altitude the 
spacecraft above each latitude and longitude. 

 

  
Figure 4 : Variance-covariance analysis of gravity field solutions obtained from velocity perturbation 
measurements: (left) expected power spectra (Kaula’s law) and error spectra per harmonic degree for different 
orbital altitudes (250 to 400 km), (right) degree strength vs orbital altitude. Courtesy MANEGE CNES software.  

However, Kaula’s linear theory is an approximation and is not precise enough to 
process real measurements of velocity perturbations by Doppler tracking. In addition, 
this tracking is not continuous and orbits can be perturbed by other forces too. This is 
why a numerical approach is necessary to process the Doppler tracking data and derive 
gravity field solutions. It consists of numerically integrating the motion of the 
spacecraft taking into account all the forces driving the orbital motion, of computing 
Doppler tracking predictions, and of performing a least-squares fit of these predictions 
to real Doppler tracking data in order to derive the best gravity field solution. This 
process is called Precise Orbit Determination (POD) (see section 1.4) and relies on 
implementing a gravity experiment (see section 1.3). 

  

1.3 How is a gravity experiment implemented? 
 

A gravity experiment basically relies on recording at ground stations the carrier 
frequency of the radio signal sent by the spacecraft. Precise Doppler shift measurements 
of this frequency are performed by comparing the received frequency with a very stable 
reference frequency. The Doppler shift is then used to precisely reconstruct the 
spacecraft velocity perturbations. To ensure the required stability of the reference 
frequency, the radio link is a two-way link from the station to the spacecraft and back 
to the station (Figure 5). The experiment has a space segment aboard the spacecraft and 
a ground segment at the ground station. 
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Figure 5 : Schematic representation of a planetary gravity experiment 

 

1.3.1 Space segment  
 
The stable reference frequency is produced at the ground station using atomic 

clocks and sent to the spacecraft via an uplink. To preserve this stability a dedicated 
electronic device, called coherent radio transponder, is onboard the spacecraft. This 
device receives the uplink frequency and generates the downlink frequency without 
modifying its phase6. A radio transponder is always aboard interplanetary spacecraft in 
order to perform radio navigation. A two-way link can thus always be established 
generally using X-band frequency on both uplink (7.2 GHz) and downlink (8.4 GHz)7. 
A parabolic High-Gain-antenna (HGA) tied to the spacecraft is used to receive the radio 
signal sent from Earth and to re-emit it back to Earth after passing through the radio 
transponder.   

 
Spacecraft can also have an accurate clock device (called Ultra-Stable Oscillator, 

USO) that provides a stable reference frequency to perform radio-occultation of the 
atmosphere8 (e.g. Liou et al., 2010).  If the stability of the USO is as good as that 
required for radio transponders, tracking can be performed to determine gravity field. 

 
6 The stability of the radio transponder is expressed in terms of Allan Deviation (ADEV). For 
interplanetary spacecraft, it is better than 10-13 over 1 to 1000 seconds, meaning that the uplink 
frequency is kept with relative fluctuations lower than this ADEV value. 
7 Most recent missions like NASA’s Cassini mission as well as ESA’s Bepi-Colombo and JUICE 
missions have an additional radio transponder using Ka-band (uplink at 32 GHz and downlink at 
34 Ghz) to perform very accurate Doppler measurements (Iess et al., 2014). 
8 In this case, the Doppler shift of the radio-signal propagating through the planetary atmosphere 
is dominated by the variations of the refractive index of this atmosphere. In turn, the Doppler 
measurements are used to determine this refractivity index from which profiles of temperature and 
pressure in the neutral atmosphere as well as of electron density in the ionosphere are derived. 

Space segment:
Coherent radio transponder
High Gain antenna (HGA)

Ground segment:
Earth-based tracking stations

2-way coherent 
Doppler tracking
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The reference frequency is then generated aboard the spacecraft and driven by the USO. 
The tracking is performed in one-way mode since only the downlink is used. Such 
tracking has been successfully used for determining Mars gravity field with the MGS 
spacecraft (e.g. Lemoine et al., 2001; Konopliv et al., 2006, Marty et al., 2009; Genova 
et al., 2016).   
 

1.3.2 Ground segment  
 

The ground segment corresponds to Earth-based tracking stations. These are 
parabolic antennas dedicated to the tracking of deep space probes in the solar system9 
(Figure 6). The Deep Space Network (DSN) has been built by NASA as early as 1958 
October 1st, and is still in development and improvement. The DSN currently comprises 
three sites well distributed in longitude in order to establish a radio-link with spacecraft 
at any time (Figure 6). Each site has several stations, most having a parabola dish with 
a diameter of 34 meters while one has a diameter of 70 meters10 to process radio-signals 
with very low signal-to-noise ratio (strongly attenuated when propagating through 
planetary atmosphere or over very long distance throughout the solar system).  

 
At the dawn of the twenty-first century, the European Space Agency (ESA) built its 

own network (Figure 6), named ESTRACK11, in order to cover its own missions (MEX, 
VEX, Rosetta). Today, this network has three sites to continuously track any spacecraft 
in the solar system. Each ESTRACK site has one parabolic dish of 35 meters for deep 
space operations. This network is permanently updated and equipped for example by 
incorporating the Ka-band capability needed by the Bepi-Colombo and JUICE 
missions. Both ESA and NASA networks often collaborate to manage the numerous 
missions, especially for Mars (Holmes et al., 2008). 

 
The downlink signal is received by the antennas and processed using a closed-loop 

device to remain lock on the downlink frequency to track the spacecraft as long as it 
can be viewed in the sky of the station. This device however requires a strong enough 
radio signal (at least 3 dB) to work. For lower level signals the station can record the 
phase of the radio signal in open-loop mode. In this case, the station does not provide 
the Doppler shift and the user must process the open-loop phase data autonomously. 
Software are available such as recently developed by the JIVE team using radio 
telescopes (Bocanegra-Bahamon et al., 2018). 

 

 
9 https://deepspace.jpl.nasa.gov 
10 Originally designated in the framework of the Apollo program 
11 https://www.esa.int/Enabling_Support/Operations/Estrack/Estrack_ground_stations 
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Figure 6: NASA’s Deep Space Network (DSN) and ESA’s ESTRACK network. 

There are also deep space tracking stations located in one single country: The Soviet 
Deep Space Network12 managed by the Russian space agency (ROSCOSMOS), the 
ISTRAC (ISRO Telemetry Tracking and Command Network)13 managed by the Indian 
Space Research Organisation (ISRO), the Chinese Deep Space Network managed by 
the China Satellite Launch and Tracking Control (CLTC)14, and the Usuda Deep Space 
Center15 managed by the Japanese Aerospace Exploration Agency (JAXA). As of 2017, 
the CLTC was constructing an additional station in Argentina to extend the longitude 
coverage of its own network. 
 

1.3.3 The tracking data 
 
The Earth-based stations record the phase of the radio signal sent by the spacecraft, 

and the Doppler frequency shift is derived by counting the accumulation of the phase 
of this signal over a given count-time, called Doppler count time. A useful model of 
these Doppler tracking data can be found in Moyer (2000)16.  

Since the noise in the Doppler shift measurements increases for shorter count time, 
a trade-off must be found with the required gravity field resolution, especially the short 
period orbital perturbations due to the high degree harmonics. This count time is 
typically 10 seconds for the tracking of modern spacecraft orbiting terrestrial planets. 

The Figure 7 is an example of the expected Doppler frequency shift of the radio 
link between a Martian spacecraft (with an MGS-like orbit, see Table 1) and a ground 

 
12 https://en.wikipedia.org/wiki/Soviet_Deep_Space_Network 
13 https://www.isro.gov.in/isro-telemetry-tracking-and-command-network-istrac-supports-astrosat-
mission 
14 https://en.wikipedia.org/wiki/Chinese_Deep_Space_Network 
15 https://global.jaxa.jp/about/centers/udsc/index.html 
16 I invite any future user of tracking data to carefully read it. 

Tidbinbilla (Canberra)Robledo (Madrid)

Cebreros
(Madrid)

Goldstone (California)

New Norcia (Perth)

Malargüe
(Argentina)



 17 

station. The largest variations (peak-to-peak amplitude of 2x106 Hz) are actually due to 
the relative motion between the Earth and Mars. These variations can however be 
modeled with enough precision for Doppler shifts using planetary ephemerides. The 
gravity information is contained in lower frequency shift variations of up to 200 kHz 
(peak-to-peak) corresponding to a mean orbital velocity of the order of 3.4 km/s (MGS-
like orbit, Table 1). 
 

 
Figure 7: Predictions of Doppler frequency shift between a Martian spacecraft and a ground station (for a two-
way link in X-band). The prediction runs over one Martian year. 

 The sources of noise on 2-way Doppler measurements are the radio link budget, 
the stability of the spacecraft transponder, the propagation through the Earth’s 
troposphere, through the interplanetary or solar plasma and Earth’s ionosphere, the 
frequency stability of the ground system transmitting and receiving the radio signal and 
mechanical noise of the ground antenna (e.g. Iess et al., 2014). The propagation noise 
(plasma and ionosphere) corresponds to dispersive effects on the phase due to 
fluctuations of the number of charged particles (phase scintillation, Ho et al., 2008) and 
to non-dispersive effects in the troposphere.  
 

Each contribution to the noise budget has been computed using the best 
knowledge of these different sources of noise and compared with the 2-way X/X 
Doppler noise of the Rosetta spacecraft (Figure 8). It is found that the noise is 
dominated by the solar plasma contribution, which is larger than 0.1 mm/s around 
conjunction when the Sun is between the planet and the Earth (i.e. Sun-Earth-Probe, 
SEP, angles lower than about 15°, Figure 8). As a consequence, Doppler tracking data 
become useless for gravity purposes during periods of typically one month around the 
solar conjunction. The conjunction events repeat at each synodic period (Table 2)17.  

 
17 The synodic period is the time required to retrieve the same Sun-Earth-Planet configuration. It is the 
composition of the revolution period of the Earth and of the planet. 
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Planet Mercury Venus Mars 

Synodic period  
(in Earth’s year/day) 

0.317 / 115,78 1.599 / 584 2.135 / 779.81 

Table 2: The synodic period of the three terrestrial planets as viewed from the Earth. 
 

 

 
Figure 8: (top) breakdown of the Doppler noise budget compared with the Doppler noise of the 2-way X/X 
Doppler link of the Rosetta spacecraft (Iess et al., 2014). This is the noise level before any calibration is applied, 
(bottom) definition of Sun-Earth-Probe (SEP) angle and Sun-Probe-Earth (SPE) angle. 

At larger SEP angles, tropospheric noise dominates (Figure 8), creating a delay 
of propagation of the radio-wave. This delay amounts to about 2 meters (in the zenith 
direction) and depends on temperature, pressure and humidity along the propagation 
path. The humidity contribution can reach 20 cm and depends on the season and 
location on Earth. The tropospheric noise increases as the spacecraft (or the planet) 
approaches the horizon of the site of the station since the radio-signal propagates 
through more atmosphere (0.035 mm/s and 0.06 mm/s at 60° and 30° elevation, 
respectively, Lee, 2002). This effect does not depend on the frequency band since the 
troposphere is a non-dispersive media.  

Adapted from
L. Imperi, PhD, 2016

Sun
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The propagation noises must be calibrated as accurately as possible for POD 

and gravity field determination. The model used in Figure 8 provides the variance of 
the noise on the Doppler but not the value of the correction to apply. One method to 
calibrate solar plasma noise is to use higher frequencies since it is inversely 
proportional to the square of the frequency (DSN note 202, 2019). However, the radio 
transponder system onboard the spacecraft does not receive Ka-band uplink. Therefore, 
a Ka/Ka band radio transponder was developed (e.g. Iess et al., 2014) and carried 
onboard the Cassini, Bepi-Colombo and JUICE spacecraft in addition to the classical 
X/X radio transponder. The troposphere source of noise can be partly calibrated using 
either atmosphere measurements at the ground station 18  or meteorological models 
(Marty et al., 2009). An accurate calibration can be obtained using Media Calibration 
System using GNSS receivers at ground station (e.g. Bar-Sever et al., 2007; Graziani 
et al., 2013). The wet component however requires accurate calibration, especially 
when using Ka-band, since it becomes the dominant source of noise (Figure 8). It is 
performed using a dedicated Water Vapour Radiometer (WVR) at the station (e.g. Bar-
Sever et al., 2017). 

 
For a Doppler count time of 60 seconds, the end-to-end two-way X/X Doppler noise 

is 0.02 mm/s (Zuber et al., 2007) (or 0.05 mm/sec for 10 second count time)19. It is 
improved by a factor of two (0.01 mm/sec at 60 seconds) using an additional Ka/Ka 
link (Iess et al., 2014). Further investigations are being performed to calibrate the 
mechanical noise of the ground antenna caused by differential thermal dilatation or 
vibration of the large antenna structure (Notaro et al., 2020). This mechanical noise is 
just below 0.01 mm/s (ESOC pers. Comm., 2019) and becomes the leading source of 
noise after the best calibration of the propagation effects is performed. 

 
The tracking station can also perform ranging measurements with the spacecraft 

(Moyer, 2000). These data have a precision better than 1 meter but they can be biased 
by 2-3 meters due to uncalibrated delays in the wires at the station. They are used to 
constrain the planetary ephemerides20 (see also Section 1.4). 

1.3.4 The orbit and tracking requirements for mapping the gravity field  
 

The sections 1.2.2 and 1.2.3 have shown the importance of the orbital altitude to 
get a highly resolved gravity field. The spacecraft orbit has also to pave the entire sphere 
with a spatial sampling corresponding to the targeted spatial resolution. This sampling 
has to be even denser than the spatial resolution because the spacecraft velocity is 
perturbed not only by gravity anomalies just beneath the orbital track (along-track 
anomalies) but also by cross-track anomalies, which results in a mixing of different 
wavelengths (Beuthe et al., 2006) that prevents proper separation of each high degree 
harmonic. I found empirically, by simulating the EnVision gravity experiment, that the 
spatial sampling should be at least half the targeted spatial resolution to avoid this 
mixing among short wavelengths of the gravity field. In addition, to reach the expected 
resolution, tracking must be continuous, which is never the case since the spacecraft is 

 
18 Temperature, pressure and humidity measurements.  
19 The Doppler noise at 10 seconds can be deduced by multiplying the noise at 60 seconds by a factor 
equal to the square root of 60/10 (Genova et al., 2016).  
20 JPL ephemerides: https://ssd.jpl.nasa.gov/?planet_eph_export; INPOP ephemerides: 
https://www.imcce.fr/inpop  
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regularly occulted by the planet as seen from Earth21. This problem can however be 
solved for the duration of the mission by ensuring that the spacecraft flies over the entire 
sphere while it is tracked from Earth with the required spatial sampling. 

The gaps in the tracking are however most often due to the fact that the spacecraft 
missions are not dedicated to the gravity field determination and a continuous tracking 
is not systematically scheduled. Furthermore, continuous tracking needs a steerable 
spacecraft antenna to point toward Earth as often as possible. Such an antenna is 
however more expensive than an antenna tied to the spacecraft, and so is not 
systematically implemented.  

 
Doppler measurements do not provide the three components of the spacecraft 

velocity but its projection on the Line-Of-Sight (LOS) direction (Earth-spacecraft 
direction). The orientation of the orbital plane with respect to the LOS direction is 
therefore a constraint affecting the gravity solution. When the orbital plane is viewed 
face-on from Earth, the Doppler tracking data merely provide the component of the 
orbital velocity perpendicular to the orbital plane. Since most of the information about 
the gravity field arises from the in-plane orbital velocity component, this face-on 
geometry is of little interest for gravity field determination. On the other hand, the edge-
on geometry (when the orbital plane is viewed edge-on from Earth) provides the richest 
geometry for gravity field determination. The orientation of the orbital plane with 
respect to the LOS direction is controlled by the drift of the ascending node and the 
relative position of the planet and Earth, such as shown in Figure 9 for Mars Global 
Surveyor. For Mars Express (MEX), it is mainly driven by the Earth-Mars relative 
position since its highly elliptical orbit makes its orbital plane drift negligible (Figure 
9)22.  

In addition, Doppler tracking data are affected by propagation effects (see section 
1.3.3), which will in turn degrade the gravity field solution, especially at short 
wavelengths which generate smaller spacecraft velocity perturbations. The accuracy of 
the gravity field solution also depends on the accuracy of the model of all the forces 
acting on the spacecraft (not only the gravitational attraction due to the planet itself). 
The inaccuracy of the knowledge of these forces affect the precision of the 
reconstructed orbit and so the accuracy of the gravity field (see section 1.4).  
 
 

In summary, a low-altitude, near-circular and near-polar orbit tracked as often 
as possible is the most efficient orbit to map a gravity field with high spatial resolution. 
However, given the mis-knowledge of the full dynamics of the spacecraft (see section 
1.4), the limitations of the Doppler measurements and the operational constraints from 
the other instruments on the spacecraft, defining a gravity experiment requires 
advanced simulations to assess the expected performance (Smith et al., 1990; 
Rosenblatt et al., 2019a,b; Rosenblatt et al., 2020a).  
 

 
21 When the orbital plane is viewed face-on from Earth the spacecraft is not occulted anymore, but this 
orbital plane orientation is of little interest for determining the gravity field. 
22 The secular drift of the ascending node is proportional to (R2/a7/2), a being the semi-major axis of the 
orbit and R the planetary radius (see Appendix B). As MEX orbit has a semi-major axis about two and 
half times larger than that of MGS (Table 1), its secular drift is about twenty-five times slower than for 
MGS. 
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Figure 9: Orientation of the orbital plane with respect to the direction of Earth over one Martian year for Mars 
Global Surveyor (MGS) and Mars Express (MEX) orbits. Simulations performed with GINS software. 

 

1.4 Precise Orbit Determination (POD)  
 

Once the tracking data have been collected, they must be carefully processed to 
extract the gravity field solution. The process is called Precise Orbit Determination 
(POD), and consists in generating predictions of Doppler tracking data and in 
performing a least square fit to observed Doppler data (Figure 10)23.  
 

 
Figure 10: Precise Orbit Determination (POD) process 

 
23 The same approach is also used to compute the navigation orbit required for scheduling spacecraft 
payload observations and operations. However, it is less precise than for POD since the navigation 
purpose is not to improve the gravity field of the planet. 

Face-on
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 POD relies on software dedicated to accurate reconstruction of spacecraft orbits 
around celestial bodies. In my career I have used and contributed to the development 
of the GINS (Géodésie par Intégration Numérique Simultanée)24 software developed 
by the French space agency CNES for terrestrial as well as planetary geodesy 
applications (Marty et al., 2009). On the NASA side, two software have been developed 
and extensively used for planetary geodesy applications: DPODP at JPL (Jet Propulsion 
Laboratory) (Moyer, 1971; Konopliv et al., 2006) and GEODYN at GSFC (Goddard 
Space Flight Center) (Pavlis et al., 2013). In Europe, the Italian software Orbit-14 has 
been used for NASA’s JUNO mission around Jupiter (Serra et al., 2019), and in 
Germany a dedicated software has been used for ESA’s MEX Phobos flyby and the 
Rosetta mission (Andert et al., 2010; Paetzold et al., 2016). Other developments are 
being implemented on the basis of pre-existing software used for terrestrial geodesy 
like the BERNESE in Switzerland (e.g. Arnold et al., 2015).  
 

1.4.1 The force model 
 

POD software numerically integrate the orbit of the spacecraft based on a force 
model. There are two different kinds of forces to take into account: the gravitational 
and non-gravitational forces. They are listed in Table 3 and briefly described 
hereafter25. 
 

Gravitational forces Non-gravitational forces 
 
Attraction by the gravity field of the 
planet 
 
Solid tides 
 
Attraction by the Sun and others planets 
 
Attraction by the gravity field of natural 
satellites  

Atmospheric drag 
 
Solar radiation pressure  
 
Albedo and Infra-Red radiation pressure  
 
Thermal emissivity of the faces of the 
spacecraft 
 
Attitude maneuver (inertial wheel 
desaturation) 

Table 3: List of the main forces driving the orbital motion of the spacecraft 

Gravitational forces are computed from the most recent spherical harmonics 
solution of the gravitational potential of the planet since the goal of a gravity experiment 
is to improve the current solution. The solid tides are introduced following the IERS 
(International Earth Rotation and Reference Systems) conventions26 as a tidal potential 
expressing the effect of tidal deformation on the gravitational potential, i.e. a scale 
factor of the second-degree gravity potential (1+ k2) with k2 the tidal potential Love 
number (Marty et al., 2009).  

The gravitational attraction of the Sun and others planets are modeled using a point 
mass representation, requiring only their masses and positions relative to the planet 
given by the planetary ephemerides. In the case of Mars, the gravitational attraction of 

 
24 https://www5.obs-mip.fr/wp-content-omp/uploads/sites/28/2017/11/GINS_Algo_2013.pdf 
25 The force model is described in detail for each orbitography software in e.g. Konopliv et al., 2006 for 
DPODP; in e.g. Genova et al., 2016 for GEODYN, and in Marty et al., 2009 for GINS. Each software 
however uses very similar model. 
26 https://www.iers.org/IERS/EN/DataProducts/Conventions/conventions.html  
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its moons, Phobos and Deimos, is also taken into account. The best available solution 
for their masses (Paetzold et al., 2014; Jacobson, 2010) and their positions relative to 
Mars (Lainey et al., 2007; Jacobson, 2010) are considered. 

A general relativity correction is also applied to take into account the fact that the 
numerical integration of the motion is performed in the Newtonian approximation. The 
Schwarzschild effect is generally considered, but geodetic precession and Lense-
Thirring effects can also be included (Marty et al., 2009).   

 
Non-gravitational forces (except for inertial wheel desaturation events) are exerted 

on the faces of the spacecraft, which in turn requires a ‘geometric’ representation of the 
spacecraft. This representation is called macro-model or box-and-wings model (Figure 
11). The surfaces are represented as flat plates (six for the bus and two for each solar 
panel, and a parabolic surface for the high gain antenna) with known areas and optical 
properties (averaged values of reflectivity, diffusivity and absorptivity coefficients). 
The macro-model needs to be oriented in space at any given time (i.e. with respect to 
the Sun and the planet for the radiation pressure forces, and to the along-track direction 
for the drag force). It is performed using quaternion datasets (of the bus and mobile 
parts such as solar arrays and steerable antenna) either predicted or reconstructed by 
the navigation team from onboard measurements. The error on the spacecraft 
orientation is typically a few milliradians, generating mismodeling of non-gravitational 
forces not larger than 1-3%. The thermal emission force also requires monitoring the 
temperature of the faces. However, this force is generally smaller than the other non-
gravitational forces.  

The atmospheric density at low orbital altitude is very small but the velocity of the 
spacecraft is of the order of a few km/s and hence generates a significant drag. An 
atmospheric drag force must thus be included in the force model, requiring a model for 
the density of the atmosphere at low orbital altitude. Density models are however 
affected by large errors which make the drag force one of the most poorly modeled of 
all the forces (e.g. Bruinsma and Lemoine, 2002; Justh et al., 2011).  

The interplate self-shadowing of the spacecraft is also modeled for the radiation 
pressure and atmospheric drag surface forces. 
 

 
Figure 11: Macro-model or box-and-wings representation of the spacecraft (the high Gain Antenna is not 
shown). The Macro-model displayed here is the MEX model for which only solar arrays can move with respect 
to the bus (rotating around the Y-axis).   

Modern spacecraft are 3D-stabilized, i.e. inertial wheels aboard control their 
attitude. Depending on the attitude changes, required for the scheduling of the different 
observations, these wheels become more or less rapidly saturated. A maneuver is then 
required, which consists of desaturating the wheels (Inertial wheel desaturation 
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event27). In order to maintain the spacecraft attitude during this maneuver, pairs of 
thrusters are burned to exert a counter-torque28. Unfortunately, the burns of the thruster 
pairs are imbalanced and a residual acceleration is imparted to the spacecraft, which 
must be taken into account in the force model (e.g. Smith et al., 1990; Lemoine et al., 
2001). The epoch of each of these attitude maneuvers is provided by the navigation 
team, and a residual acceleration has to be added to the force model occurring at each 
desaturation event. 

 
Since the orbit represents the motion of the center of mass of the spacecraft and 

Doppler measurements are performed between the center of phase of the HGA and 
Earth-based stations, one needs to correct for the shift between the position of the two 
centers. This information is provided by the mission before launch and is then 
monitored, as precisely as possible, by the navigation team. The position of the center 
of mass indeed changes due to mass movements inside the propellant tanks. The center 
of mass position can also change due to the orientation of solar panels and to some 
extent of the HGA such as for MRO (Genova et al., 2016). Depending on its amplitude 
and frequency it can have a detectable effect on the Doppler tracking data. The mass of 
the spacecraft must also be monitored since all these non-gravitational forces are 
proportional to the ratio between the surface (exposed to the force) and the mass of the 
spacecraft.  

 
The macro-model, its orientation (quaternions), the epoch of each maneuver, the 

shift between both center of phase and center of mass, and the mass history of the 
spacecraft are the ancillary dataset, which is as important as the tracking dataset itself 
in order to perform POD. 
 

From this force model, the trajectory of the spacecraft is numerically integrated over 
successive data-arcs. At the beginning of each arc, the initial state vector (position and 
velocity) of the spacecraft must be known. It can be either estimated from tracking data 
(Konopliv et al., 2006) or taken from a navigation orbit solution (Rosenblatt et al., 2008; 
Marty et al., 2009). Each arc has a typical duration of a few days (2 to 7) depending on 
the spacecraft orbital period, the mismodeling of the force model, the tracking coverage 
and the orbit control maneuvers (OCM)29. 

The numerical integration provides the modeled position and velocity of the 
spacecraft in a given planet-centered Inertial Body frame (Figure 12). The most useful 
frame is an inertial frame defined as the inertial position of the equator plane of the 
planet at the J2000 epoch. 

Since the forces are computed in a reference frame tied to the planet (Body-Fixed 
frame30, Figure 12), it is necessary to model the rotation matrix from this Body-Fixed 
frame to the Inertial Body frame, which is most often defined on the basis of the IAU 
(International Astronomical Union standards31, Figure 12). This matrix corresponds to 

 
27 also named Angular Momentum Desaturation (AMD) and Wheel off Loading (WoL) maneuver for 
NASA and ESA spacecraft, respectively. 
28 These maneuvers consist actually of a series of small thrusts (typically 0.1 second duration) over a 
couple of minutes in order to control the attitude of the spacecraft during the maneuver. 
29 Perturbing accelerations generated by OCMs are much larger than those due to inertial wheel 
desaturation maneuvers, and hence are more difficult to determine accurately. Consequently, the data-
arcs are chosen to avoid the OCMs in order to preserve an accurate calculation of the orbit. 
30 The reference frame in which the gravity field is expanded in spherical harmonics. 
31 https://www.iau.org/news/announcements/detail/ann07013/   
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the modeling of the orientation and rotation of the planet32. The mismodeling of this 
matrix can have a detectable effect on the Doppler tracking data and so on the 
reconstructed orbit.  

 

 
Figure 12: Reference frames used for POD. 

 

1.4.2 Least squares fit to tracking data 
 

A least-squares fit of the predicted data to the observed data33 is performed in order 
to estimate the parameters of the force model. These predictions correspond to the range 
between the spacecraft and the tracking station and its variations over the Doppler count 
time (range-rate, Figure 13). This is a physical modeling of the tracking data in contrast 
to the engineering modeling by Moyer (2000). The range-rate is the difference between 
the spacecraft-station round-trip range at the start Doppler count time t1 and end time 
t2, more precisely: ρ2+ ρ4 – ρ1 – ρ3 (Figure 13). This, when divided by the Doppler 
count time, provides the predicted 2-way Doppler shift or predictions of Doppler 
tracking data. 

The positions of the tracking stations are provided by the deep space network in a 
terrestrial reference frame such as the ITRF (International Terrestrial Reference Frame) 
from which the positions at any time in the ICRF (Inertial Celestial Reference Frame) 
can be deduced. This approach, used in the GINS software, relies on the IERS 
standards34 (Figure 12), which are accurately established and regularly updated, hence 
providing planetary applications with the best estimations of the positions of the Earth-
based deep space stations. The Earth’s solid tides displacement and to a lesser extent 
the oceanic loading effect on these station positions are also computed (Marty et al., 
2009). The ICRF can be easily transformed into the Inertial Body frame in which the 
spacecraft orbit is computed (see section 1.4.1). 

 
32 Konopliv et al. (2006) were the first authors to introduce a rotation matrix more complex than IAU 
standards by adding the spin rate variations and the nutations of the rotation axis of Mars 
33 Whenever possible corrections of propagation error on the tracking data are also performed by the 
software. 
34 https://www.iers.org/IERS/EN/Home/home_node.html 

ITRF

ICRF

IE
RS

 S
TA

N
D

AR
D

S 

*

*
*

*

Earth’s station position

Inertial body 

Body-fixed

IA
U 

ST
AN

D
AR

D
S

Spacecraft orbit

*

*
*

*



 26 

 

 
Figure 13: Physical model of the Doppler tracking data using the spacecraft orbit and the tracking station 
position. The term VLOS is the projection of Vrel (spacecraft velocity relative to the Earth) on the Line-Of-Sight 
(LOS) direction between the spacecraft and the Earth. 

The predicted tracking data are then fit to the observed tracking data in order to 
adjust the parameters of both the force model and the tracking data. The fit is a least 
squares batch which assumes that the tracking data have a Gaussian noise. In addition, 
auto-correlation between successive tracking data is not taken into account. A priori 
constraints on the parameters can also be applied depending on the a priori knowledge 
of these parameters. They are typically applied when the time period over which the 
force is exerted is not covered by the tracking data, for example during inertial wheel 
desaturation events.  

Two kinds of parameters are fitted: the local and the global parameters (Table 4). 
The former concern individual data-arcs while the latter are common to all arcs. The 
least squares fit for each data-arc generates a normal matrix formed with the partial 
derivatives of the Doppler and Range observables with respect to each parameter.  
 

Local parameters Global parameters 
The initial state vector at the beginning 
of the arc 
 
Scale factors of the radiation pressure 
and atmospheric drag forces 
 
The acceleration produced by each 
inertial wheel desaturation event 
 
Biases on the tracking data: Doppler and 
Range 

The gravity field: Clm and Slm including  
the low-degree time variations 
 
The low-degree tidal potential such as 
the k2 Love number 
 
Seasonal variations of the orientation 
and spin of the planet 
 
The mass and gravity coefficients of the 
natural satellites (in the case of Mars) 

Table 4: Parameters fit to tracking data in the POD process. 

The inversion of this normal matrix gives the solution for the local parameters, and 
a new orbit that is the precise reconstructed orbit. The global parameters are obtained 
by inverting the global normal matrix formed by stacking together all the individual 
normal matrices (i.e. by summing all the partial derivatives of the global parameters 
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over the period covered by all the data-arcs). The local parameters are solved for by 
GINS and the global parameters by another software called DYNAMO also developed 
by CNES.  

 
Since the high degree Clm and Slm coefficients of the gravity solution have a 

signature in the orbital velocity perturbations of the order of the noise in the tracking 
data, they cannot be properly resolved and Kaula’s power law (see Section 1.2.2) is 
applied as a priori constraint to stabilize the inversion of the global normal matrix. In 
practice, the effect of this constraint is to flatten the spectrum of the error on the 
coefficients at high degree. However, at the highest degrees, the constrained gravity 
solution corresponds only to Kaula’s power law.  

A priori constraints can also be used for others parameters but the philosophy 
followed with GINS and DYNAMO is to introduce as few as possible a priori 
constraints in order to extract the information actually contained in the tracking data. 
For instance, loose constraints are applied to the acceleration generated at each inertial 
wheel desaturation event. This explains why empirical forces are not used in the GINS 
approach unlike in the DPODP or GEODYN approaches (e.g. Konopliv et al., 2006; 
Genova et al., 2016)35. 

 

1.5 The gravity field of the Martian system  
 

The first spherical harmonics solution of Mars gravity field was expanded up to 
degree and order 12 (Christensen and Balmino, 1979)36 using the tracking data of the 
Mariner-9 spacecraft (the first ever artificial satellite of Mars in 1972). Later, a model 
up to degree and order 18 was produced, using the additional Doppler tracking data of 
the NASA’s Viking 1 & 2 orbiters (Balmino et al., 1982). As for Mariner-9, these 
Doppler data were in the S-band (2.3 GHz), hence noisier than the present X-band data. 
In addition, the orbits of these spacecraft were not suitable for gravity field mapping 
(i.e. neither polar nor circular). However, the degree 18 at Mars corresponds to a spatial 
resolution of 600 km, similar to the resolution of the Earth’s gravity solution obtained 
at the same time with the tracking of artificial satellites (the GRIM3-S solution had a 
spatial resolution of 550 km, Reigber et al., 1985)37.  

The Balmino et al.’s (1982) solution was the best until modern spacecraft with X-
band tracking data and orbits more suitable for gravity were launched to orbit around 
Mars, i.e. MGS, ODY and MRO (Figure 14). They collected data to greatly improve 
the spatial resolution and the accuracy of Mars’ gravity field including the tidal 
potential component and the seasonal variations of the lowest degree zonal harmonics 
(see Section 1.5.2).  

MEX is the first ESA spacecraft orbiting a planet. It was launched in 2003 and 
arrived near Mars on Christmas day of the same year (Figure 14). It especially improved 
the determination of the mass of the largest natural satellite of Mars, Phobos (see 
Section 1.5.3). As for almost all interplanetary missions, the gravity field was not a goal 
of the MEX mission, but a radio science team existed and I was involved in it to 
participate to the gravity investigations that could be realized with MEX tracking data. 

 
35 These authors fit additional forces in along, radial and normal directions to absorb imperfections of 
their force model. This fit is in general tightly constrained. 
36 A model was previously obtained but only up to degree and order 2 (Lorrel et al., 1973). 
37 The gravity field of the Earth had however a better resolution at places where ground measurements 
of the gravity were done (especially over the continents). 
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I thoroughly studied these data and performed POD of MEX, implementing ESA’s 
tracking and ancillary data and MEX macro-model into GINS. In parallel, I participated 
to the collection and pre-processing of ancillary data (quaternions, maneuver epochs, 
macro-model, …) for ODY and MRO. 

 

 
Figure 14: Martian spacecraft used for the determination of the gravity field of Mars and of its moons: Mars 
Global surveyor (MGS), Mars Odyssey (ODY), Mars Reconnaissance Orbiter (MRO) and Mars Express (MEX). 

   

1.5.1 POD of Mars Global Surveyor, Mars Odyssey and Mars Express 
spacecraft 

 
1.5.1.1 Non-continuous tracking coverage of Mars Express (MEX) 
 
The MEX spacecraft has a high-gain antenna fixed to it, which prevents tracking 

during nadir pointing to the planet to realize other observations, especially at pericenter 
(periapsis) passes. The tracking is thus non-continuous, and covers from 20 to 80 
percent of the time every week, with an average of 40 percent over the 2004-2007 
period (Rosenblatt et al., 2008). It represents on average one third of the pericenter 
covered by tracking data. As MEX’s pericenter is at low altitude (250 km, Figure 15), 
the drag acceleration is twice as large (8x10-8 m/s2) as the drag acceleration for 
MGS/ODY at 400 km altitude (4x10-8 m/s2, Figure 15). This first computation already 
indicates that MEX’s orbit could be less precise than that of MGS or ODY because of 
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the larger drag force and the lack of tracking especially at pericenter passes when the 
drag force is maximum. 

 

 
Figure 15: Comparison of non-gravitational acceleration for MEX and MGS. Computation performed with GINS 

 
1.5.1.2 POD of MEX, MGS and ODY 
 
A first assessment of the quality of the POD is provided by the Doppler and range 

post-fit residuals (Figure 16). MEX Doppler rms values are around 1-2 mHz (0.015-
0.03 mm/s)38 and those for MGS and ODY are around 2-5 mHz (0.03-0.075 mm/s). All 
spacecraft show two periods with larger rms values, corresponding to the two solar 
conjunction periods (September 2004 and October 2006, Figure 16). 

 
 

 
 

Figure 16 : (Left) RMS of post-fit residuals per arc for (top) Doppler and (bottom) Range as obtained with GINS. 
Two solar conjunctions occur in the period covered by this study (blue shaded columns). (Right) Orbit overlap 
comparison MEX vs ODY. The MGS overlap differences are comparable to the ODY ones (Marty et al., 2009), 
hence not shown in the figure for readiness. Adapted from Rosenblatt et al. (2008) and Marty et al. (2009). 

The Doppler post-fit residuals values are close to the Doppler noise level (off 
conjunction, see section 1.3.3), implying that the least squares fit has extracted all the 

 
38 The MGS and ODY Doppler data are at 10 seconds count time while MEX data are at 60 seconds 
count time. The MEX residuals should thus be multiplied by the square root of the count time ratio (i.e. 
sqrt(60/10)) to be compared with 10 seconds count time Doppler data. That corresponds to MEX 
residuals between 0.035 and 0.07 mm/s, which are comparable to MGS/ODY ones.   
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orbit information contained in the Doppler tracking data. However, it does not 
necessarily mean that this information has been properly distributed among the 
dynamical parameters.  

The average of the range rms values are less than one meter for all spacecraft 
corresponding to the average precision of the spacecraft position relative to the tracking 
stations (see Section 1.3.3). They indicate that there are no large biases in the dynamical 
modeling of spacecraft motion, but not necessarily that all spacecraft orbits are 
determined with the same precision. Note that a range bias per data-arc has also been 
estimated to correct errors in the planetary ephemeris (Figure 19).   

 
The error on the reconstructed orbit is estimated on the basis of spacecraft position 

differences between overlapping arcs (it is a test of internal coherency of the 
reconstructed orbit). The overlapping time period is one orbital period for MGS and 
ODY (~2 hours, Konopliv et al., 2006; Marty et al., 2009) and three orbital periods for 
MEX (~21 hours, Rosenblatt et al., 2008). The MEX overlapping differences in all 
three cross-track, along-track and radial directions are about 10 times larger than the 
MGS/ODY differences (Figure 16). This larger error on the MEX orbit is due to the 
non-continuous tracking, which has crucial consequences when the MEX pericenter 
passes within a data-arc are not tracked (Figure 17). In that case, the drag scale factor 
becomes negative, implying that the atmospheric density is negative, which is 
obviously impossible. The ideal value of this drag scale factor should be equal to one 
if the drag force was perfectly modeled (i.e. spacecraft orientation, density of the 
thermosphere, drag coefficient were perfectly known, e.g. Rosenblatt et al. (2012), and 
if it was not correlated with other parameters). In fact, density of the thermosphere is 
not so well known and due to correlations between the drag scale factor, the adjusted 
accelerations generated by the inertial wheel desaturation maneuvers (WoL events) and 
the initial state vector, the drag scale factor absorbs information from these other forces.  
This situation occurred in particular for six periods around mid-2004, at the end of the 
first quarter of 2005, at the first quarter of 2006, at the end of 2006, at the third quarter 
of 2007, and in 2008 (Figure 17). This result clearly illustrates that the absence of 
tracking data at low-altitude pericenter passes significantly degrades the accuracy of 
the reconstruction of an elliptical orbit.    
 

 

  
Figure 17: (Left): (top) Drag scale factor estimation for Mars Express (MEX), (bottom) tracking coverage at 
pericenter passes (altitude < 700 km). Red circles indicate examples of the match between negative values of 
drag scale factor and the absence of tracking data at pericenter passes. (Right): Drag scale factor values for (a) 
MGS (crosses) and ODY (triangles), (b) MEX drag scale factor (see left panel), and (c) solar flux at 10.5 nm 
wavelength at Mars. Adapted from Rosenblatt et al. (2008) for MEX and Marty et al. (2009) for MGS/ODY. 



 31 

The behavior of the MEX drag scale factor is not observed for MGS/ODY (Figure 
17) since the tracking is quasi-continuous and the orbits are near-circular so that the 
drag acts continuously on the spacecraft and not only in the lower altitude part as for 
MEX. However, negative values of MGS/ODY drag factors were observed in 2006 and 
to a lesser extent at the end of 2007 and the beginning of 2008 for ODY (Figure 17). 
For the 2006 period the MEX drag scale factor values are not systematically negative 
but they strongly vary over the data-arcs. One possible explanation for the difficulty to 
determine the drag scale factor for the three spacecraft is that these periods coincided 
with solar flux minima at 10.5 nm wavelength (Figure 17). As the solar flux was 
significantly reduced, the atmospheric density is lower than usual, thus reducing the 
drag acceleration, and making it difficult to separate from other perturbing forces such 
as those generated by the inertial wheel desaturation maneuvers (WoL or AMD events), 
particularly for their component in the along-track direction.  

 
The MEX solar pressure scale factor shows a linear trend over the 2004-2006 period 

and stabilizes afterwards at around the value of 1.17 (Figure 18). Like for the drag scale 
factor, this solar pressure scale factor should be equal to one if the radiation pressure 
force would be perfectly modeled39. A similar trend is observed for the MGS solar 
pressure scale factor at the beginning of the mission (from 1999 to 2002, see Figure 
18), but not for ODY over the whole 2002-2008 period. This trend could result from 
the variations of physical properties of the faces of the spacecraft such as temperature 
variations or the darkening of these faces with time, but we have no information to 
verify these hypotheses. The ODY solar pressure scale factor presents peaks (up to 1.5) 
at the first quarter of each year from 2003 to 2007 (Figure 18). Such a behavior is also 
observed with DPODP POD processing but with ten times smaller amplitude (A. 
Konopliv, pers. comm., 2012). 

 
 

 

 
Figure 18: Solar pressure scale factor for (left) MEX and (right) MGS and ODY. From Rosenblatt et al. (2008) and 
Marty et al. (2009). 

The correction of the residual acceleration at each MEX WoL event is on average 
10 percent of the initial value provided by the navigation team for the along-track 
direction but at least one hundred percent for the two other directions, which have 
however ten times smaller amplitudes (Rosenblatt et al., 2008). This is due to the fact 
that these events are not systematically tracked from Earth, and thus not constrained by 
tracking data. For MGS/ODY, the corrections on the AMD residual acceleration are 
much smaller and do not exceed 60 percent of the initial value in the three cross-track, 
along-track and radial directions (Marty et al., 2009). This is certainly due to the quasi-
continuous tracking supporting regular corrections of the force model at each AMD 
residual acceleration.  

 
39 The value of the optical properties of the MEX spacecraft were not properly calibrated, and a more 
realistic value of about 1.15 should be applied to correct it (ESOC, pers. comm., 2007). 
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The position of the orbiting spacecraft relative to the Earth-based tracking stations 

is affected by errors on the position of Mars provided by planetary ephemerides such 
as the JPL DE414 (Rosenblatt et al., 2008; Marty et al., 2009). Therefore, a bias on the 
range is estimated per data-arc for the three spacecraft with very similar values around 
1-2 meters for periods before April 2005 (Figure 19). After this date, the range bias 
values vary with a peak-to-peak amplitude up to 80 meters. It actually reflects residual 
errors in the DE414 ephemeris for which no range data from spacecraft have been 
introduced after April 2005 (Standish, 2006). When we recomputed this bias for MEX 
and ODY using a more recent ephemeris (DE421, Folkner, 2007), which integrates 
spacecraft ranging residuals after April 2005, the large fluctuations after that date 
disappeared (Figure 19). A clear signature however remains with a period close to the 
Earth-Mars synodic period and an amplitude of about 2 meters. Such a signature at the 
synodic period could be due to insufficient correction of the interplanetary plasma 
effect on the range data in our GINS software (W.M. Folkner, private communication, 
2012) or due to inaccuracy in the calculation of Mars ephemeris caused by the poor 
knowledge of asteroid masses in the neighboring main belt. Whatever the explanation, 
this result emphasizes on the importance of the spacecraft range data for constraining 
planetary ephemerides, especially in the case of Mars. It is not only required for the 
purpose of POD but also for the preparation and accurate planification of solar system 
exploration missions.  

 

 
Figure 19: Spacecraft range bias estimates: (a) from MGS (crosses), ODY (open triangles) and MEX (closed circles) 
ranging data, using the JPL-DE414 planetary ephemeris for orbit computation, (b) ODY (open triangles) and MEX 
(closed circles) range bias estimates using the JPL-DE421 planetary ephemeris for orbit computation. The solid 
line is the Earth-Mars distance from DE421, and it has been scaled to fit into the diagram. Adapted from 
Rosenblatt et al. (2008) for MEX and Marty et al. (2009) for MGS and ODY. 

 
The lack of MEX tracking data at the WoL events and at many pericenter passes 

(two-third on average) limits the accuracy of the reconstructed orbit. In addition to the 
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highly elliptical orbit, this limited accuracy hinders improvement of the spatial 
resolution of the gravity field of Mars. An alternative would be to use a local approach 
instead of a global harmonic approach (e.g. Barriot et al., 1998), but there are not 
enough tracking passes covering the pericenter to improve locally the gravity field 
(Beuthe et al., 2012).  
 

1.5.2 Mars Gravity field, its seasonal variations and k2 Love number 
 

The gravity field of Mars (including the tidal component and seasonal variations) 
have been improved using the MGS and ODY tracking data (e.g. Lemoine et al., 2001; 
Yoder et al., 2003; Konopliv et al., 2006; Marty et al., 2009; Lemoine et al., 2006). 
Contact with MGS was lost at the end of 2006, but ODY is still in activity and tracked 
while MRO has started its mission in 2007 and is still being tracked. Processed tracking 
data are regularly updated and the gravity solutions are refined (e.g. Marty et al., 2013; 
Konopliv et al., 2011; 2016; Genova et al., 2016). 

 
1.5.2.1 Mars static gravity field 

 
The MGS and ODY dataset have been processed by three different software and 

teams: GINS at CNES/GRGS for the MGGM08A solution (Marty et al., 2009), DPODP 
at JPL for the MGS95J solution (Konopliv et al., 2006), and GEODYN at GSFC for 
the MGM1041c solution (for which only MGS data were processed, Lemoine et al., 
2006). All solutions were developed up to degree and order 95 except for MGM1041c 
which was truncated at degree 90. The spatial resolution of these three different 
solutions is however very similar, of the order of 150 km for degree strength 70 as 
shown in Figure 20.  
 

  
Figure 20: (left top) Mars geoid heights (in meters) of the solution MGGM08A obtained with GINS/DYNAMO 
processing of MGS and ODY tracking data, (left bottom) Map of MGGM08A geoid formal uncertainty (1-sigma). 
(right top) Comparison of power spectra of MGGM08A, MGS95J, and MGM1041c with the error spectra of 
MGGM08A, (right bottom) statistics of comparison between the geoid and gravity maps of the MGGM08A, 
MGS95J, and MGM1041c. Adapted from Marty et al. (2009). 
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The formal uncertainty on the MGGM08A geoid is between 30 cm and 1.30 meters 
(Figure 20), but the rms of the differences between the three different Martian solutions 
is 6-8 meters (corresponding to 41-42 mGal in gravity anomalies, Figure 20), 
suggesting some biases between the different solutions. The error is not uniformly 
distributed at the Martian surface because of the geographical distribution of the lowest 
altitude of the spacecraft orbits tracked from Earth and also the convergence of the 
tracks at polar areas. 

Mars Reconnaissance Orbiter (MRO) has an orbit with altitude (255 x 320 km) 
lower than that of MGS/ODY (400 x 400 km). Although the larger drag force has 
limited its expected performance for gravity measurements, MRO gravity solutions are 
developed up to degree and order 120 (MRO120D from JPL, Konopliv et al., 2016, and 
GMM-3 from GSFC, Genova et al., 2016). The degree strength is at degree 95 (112 
km, for GMM3) and 100 (107 km for MRO120D). As for MGGM08A, both solutions 
have geographically variable resolution with a degree strength at 100 (GMM3) and 115 
(MRO120D) over the South pole areas (see figure 6 in Genova et al., 2016 and in 
Konopliv et al., 2016). An updated solution is in preparation using GINS (Marty et al., 
2013).  
 

1.5.2.2 k2 Love number 
 

The gravitational pull of the Sun deforms the planet inducing a slight redistribution 
of mass inside and modifying its gravitational potential. It is expressed as a scale factor 
(1+k2) of the second-degree gravitational potential with k2 the tidal potential Love 
number (Love, 1909). This Love number is tightly related to the deep interior structure 
of the planet (e.g. Rivoldini et al., 2011). A highly deformable interior will yield a larger 
redistribution of the internal mass, and so a larger modification of the gravitational 
potential, i.e. a larger Love number k2. Large tidal measurements made on Earth in the 
nineteenth century were interpreted as the presence of fluid layers inside (evidence for 
a fluid core was obtained a couple of years later using seismic data). As there are no 
seismic data for terrestrial planets so far, the k2 Love number is the most common 
measurement of the state and size of the core. Using MGS tracking data, Yoder et al. 
(2003) found a value in agreement with a fluid core. The k2 value has been refined 
since, with values from 0.12 (Marty et al., 2009) to 0.17 (Konopliv et al., 2016; Genova 
et al., 2016). It supports a large fluid core up to 53-55% the size of the planet (Figure 
21), which is similar to the relative size of Earth’s fluid core (54.7%).  
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Figure 21: Theoretical predictions of Mars k2 Love number as a function of the size of the fluid core and mantle 
temperature (adapted from Rivoldini et al., 2011) compared to estimation from MGS and ODY tracking data: 
gray shaded areas represent solutions and associated uncertainties (CNES from Marty et al., 2009, and JPL from 
Konopliv et al., 2006). Most recent solutions are also shown, using additional MRO tracking data by JPL (Konopliv 
et al., 2016) and GFSC (Genova et al., 2016), both with a 1-sigma error better than 0.01 (not shown in the figure). 

 
1.5.2.3 Seasonal variations of the gravity lowest degree zonal harmonics  

 
The high resolution gravity solutions are however challenged by the detection of 

the small signal due to Mars CO2 seasonal mass transport between the polar caps and 
the atmosphere. The frozen CO2 completely sublimates at the northern cap in summer 
and condensates at the southern cap (which is then in the winter season). The expected 
total mass of CO2 involved in this seasonal cycle is about 25% of the atmosphere mass, 
yielding to seasonal gravity variations (Chao and Rubicam, 1990; Smith et al., 1999). 
The CO2 seasonal mass budget has been estimated from the gravity seasonal variations 
determined with MGS and ODY tracking data (Smith et al., 2009, see Figure 22).  
 

 

 

Figure 22 : Mars seasonal CO2 mass 
budget derived from the seasonal 
variations of the gravity field 
determined with MGS and ODY 
tracking data (Smith et al., 2009). Red 
dots with error bars are time series 
determined every 5 days, the black 
solid line is the best fit of annual and 
sub-annual variation, and the blue 
dashed line corresponds to predictions 
from Global Circulation Model (GCM) 
simulations (Haberle et al., 1999). Ls is 
the angular position of the Sun over the 
course of one Martian year (Ls=0° at 
Northern Spring/Southern fall season). 

 
This mass budget estimation from measurements of the gravity variations show a 

deficit of mass deposits at the South pole (winter) and an accumulation of CO2 ice at 
the North pole (fall), which occurs sooner than predicted by Global Circulation Models 
(GCM) (Forget et al., 1999; Haberle et al., 1999) of the Martian atmosphere (Figure 
22). However, this slight discrepancy between tracking data and GCMs is just at the 
limit of the error bars on the seasonal mass budget estimate at polar caps (Figure 22), 
preventing a better constraint of the GCMs (Haberle et al., 2008). These error bars arise 
from the fact that the even zonal harmonics variations are not resolved from the tracking 
data (e.g. Konopliv et al., 2006, Marty et al., 2009, see Figure 23). This lack of 
resolution is due to the error of the reconstructed orbit (1-2 meters, see Figure 16 and 
Section 1.5.1.2), which prevents to detect the very weak signal of these gravity 
variations on the orbit (5 cm, see Figure 23). These small orbital perturbations are also 
due to the fact that the even zonal harmonics generate perturbations proportional to the 
cosine of the inclination, and are thus particularly attenuated for a polar orbit (see 
Appendix B). On the other hand, the odd zonal harmonics orbital perturbations are 
proportional to the sine of the inclination (see Appendix B), thus yielding seasonal 
orbital perturbations variations of up to 70 cm (Figure 23), which are detectable with 
an orbital error of around 1-2 meters. 

Blue dashed line: GCM
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Figure 23: (Left) time series of seasonal variations of the odd (top) and even (bottom) zonal harmonics from MGS 
and ODY tracking data (similar results are obtained by Konopliv et al. (2006)). Adapted from Marty et al. (2009). 
(Right) orbital perturbations expected from the seasonal variations of the first two even (C20 and C40) and odd 
(C30 and C50) zonal harmonics for (top) an MGS-like orbit and for (bottom) a MEX-like orbit over one Martian 
year. Simulations performed with GINS. 

 
I tried to improve the solution of the seasonal gravity variations by adding the 

tracking data of MEX but the orbital signal of these seasonal variations has an 
amplitude of 10 cm (Figure 23), which is obviously due to the larger semi-major axis a 
of the MEX orbit which reduces the signature of the zonal harmonics (proportional to 
(R/a)l, see Section 1.2.2 and Appendix B). It is obviously impossible to detect these 
small orbital perturbations with a MEX orbit error of 20 meters on average (see Figure 
16 and Section 1.5.1.2). The poor sensitivity of the MEX orbit to gravity seasonal 
variations especially corresponds to periods when the pericenter is not tracked (i.e. the 
uncertainty on zonal harmonics variations significantly increases for these periods, 
Figure 24). This “non-result” perfectly illustrates the importance of tracking the low-
altitude pericenter passes of a spacecraft on an elliptical orbit in order to retrieve the 
small gravity signal.  

More recently, the MRO tracking data have been used to improve the solutions of 
the seasonal gravity field since the semi-major axis of MRO is lower than those of MGS 
and ODY (Table 1). But the even harmonics variations still remain unresolved (Marty 
et al., 2013; Genova et al., 2016).   
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Figure 24: (Left) time series of odd (top) and even (bottom) zonal harmonics obtained with MEX tracking data 
(adapted from Rosenblatt et al., 2008). (Right) uncertainty of time series of even C20 (top) and odd C30 (middle) 
zonal harmonics from the MEX tracking data compared to the availability of tracking at pericenter passes 
(bottom). Red circles show an example of degradation of the uncertainty when periods without tracking at 
pericenters occur.  

 

1.5.3 The gravity field of Phobos and Deimos 
 

The mass of Phobos has been estimated using either flyby or secular approaches. 
The first approach consists in tracking the spacecraft along its Martian orbit when 
moving close to Phobos and the second consists in accumulating the tracking data of 
the Martian spacecraft while moving further away from Phobos. In that case, the 
gravitational pull of Phobos on the spacecraft is very weak but can be retrieved from 
the stacking of numerous data-arc normal matrices (like the gravity field of the planet, 
see section 1.5.2.1).  

 
The mass of Phobos was not well determined from the tracking data of previous 

spacecraft (Mariner-9, Viking-1 and Phobos-2, Figure 25) using both approaches (all 
the solutions differ by about 40%, Figure 25). Although Viking-1 performed several 
flybys of Phobos at close distance (as close as 90 km), significant discrepancies arose 
among different authors (Christensen et al., 1977; Tolson et al., 1977; Williams et al., 
1988)40 (Figure 25). In addition, these flyby solutions disagree either with the secular 
solution from Smith et al. (1995)41, using Viking 1 & 2 and Mariner-9 tracking data or 
from Yuan et al. (2001) using additional MGS tracking data, as well as with the solution 
from Kolyuka et al. (1990) and Berthias (1990) using Phobos-2 tracking data. The 
Russian spacecraft orbited Mars, during a couple of days in 1989, on a quasi-

 
40 We have shown with GINS simulations that these discrepancies come from the noisy S-band data 
used to track Viking-1 (Kudryashova et al., 2015). 
41 It was the first attempt to get a Martian moon mass solution from the spacecraft secular orbit 
perturbations.  
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synchronous orbit with Phobos so that it flew at about 190 km from the largest moon 
of Mars42.  

The mass of Deimos was actually determined by one single very close flyby of 
Viking-2 (30 km from the surface, Hildebrand et al., 1979: Williams et al., 1988).  
 

 
 

 

 
Figure 25: (Left) Orbits of Phobos and of the Martian spacecraft used to determine its mass. All spacecraft have 
a polar orbit except Phobos-2, which orbited Mars in the equatorial plane as does Phobos, and Viking-1 which 
orbited in a plane inclined at 40° above the equator. (Right top) the determination of the mass (GM) of Phobos 
before MEX (Courtesy V. Lainey) and (right bottom) after MEX. The MGS+ODY secular and Viking flyby solutions 
are from Konopliv et al. (2016), the Viking+Phobos-2 flyby solution is from Jacobson (2010), the MEX secular and 
flyby solutions are from Rosenblatt et al. (2008) and Andert et al. (2010), respectively.  

Modern spacecraft are tracked with less noisy X-band frequencies, and on average, 
the highly elliptical orbit of MEX comes closer to Phobos and Deimos than the tighter 
orbits of MGS, ODY and MRO (Figure 25). The orbit of MEX is thus more perturbed 
by the gravitational attraction of the Martian moons than the orbit of MGS, ODY and 
MRO43 . As a consequence, a more accurate determination of the Martian moons' 
masses is possible by stacking MEX's data-arcs. I thus implemented into GINS software 
the partial derivatives of the Doppler tracking data with respect to the GM of the moons. 
I validated it with the MEX tracking data to (re)-determine the mass of Phobos and 
Deimos (Rosenblatt et al., 2008).  

 
The MEX secular solution yielded a major improvement in the determination of the 

mass of Phobos since the error was reduced by at least two orders of magnitude in 
comparison to previous estimates (Rosenblatt et al., 2008, Figure 25). MEX also 
performed a couple of close flybys dedicated to gravity (Andert et al., 2010), which 
yielded a new flyby value of Phobos mass in agreement with the secular solution within 
the respective error bars (Figure 25). This improvement of Phobos mass determination 
is not only due to the X-band tracking data but also to a new and more precise Phobos 
ephemeris (Lainey et al., 2007). Indeed, as Phobos is a third body in the orbit 
computation of the spacecraft, its position must be known with enough accuracy to not 
bias the determination of the mass (Rosenblatt et al., 2008). Viking 1 & 2 and Phobos-
2 tracking data were thus re-processed using a new ephemeris and a new flyby solution 
of Phobos mass was found (Jacobson, 2010). This solution is in closer agreement with 
both secular and flyby solutions of MEX than the MGS/ODY and Viking solutions 

 
42 Like a “permanent flyby”. 
43 By applying Kaula’s method to the third body gravitational potential, one can show that the mass of 
the moons perturbs the orbit of any Martian spacecraft mainly as secular drift of their ascending node, 
their argument of the periapsis and to some extent their mean anomaly. This orbital secular 
perturbation is proportional to a3/2, a being the semi-major axis of the orbit. 
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from Konopliv et al. (2016) who used a less accurate ephemeris (Figure 25). All 
recently published solutions of Phobos’ mass are summarized in Paetzold et al. (2014) 
and are about 1.06x1016 kg (Table 5), corresponding to a GM value of 7.11x105 m3/s2 
(Rosenblatt et al., 2008), which is also the last MGS/ODY/MRO secular solution 
(Konopliv et al., 2016).  

The MEX secular solution for Deimos’ mass is in agreement with the solution from 
the re-processed Viking-2 flyby data (Jacobson, 2010) but its error bar is significantly 
larger (Rosenblatt et al., 2008). This is due to the uncertainty in MEX’ orbit which 
prevents accurate determination of the mass of the most distant moon of Mars. The 
Viking-2 flyby value thus remains the best estimate (Table 5). 

 
Images taken by MEX during its numerous flybys also helped to improve the 

determination of Phobos' volume (Willner et al, 2014). Improving mass and volume 
estimates yielded a more accurate estimation of the bulk density (Table 5). This density 
is lower than both Martian material and most meteoritic material (Rosenblatt, 2011), 
suggesting that Phobos interior is inhomogeneous with a significant amount of porosity 
(Andert et al., 2010; Rosenblatt, 2011) and/or some light elements like water ice 
(Murchie et al, 1991; Rosenblatt, 2011). The presence or absence of porosity and 
volatiles is a precious information to constrain the scenario of formation (e.g. 
Rosenblatt and Charnoz, 2012; Pignatale et al., 2018).  

 
Bulk properties Phobos Deimos 

Mass (in 1016 kg) 1.066 +/- 0.013 (1.2%)(1) 0.151 +/- 0.003 (1.2%)(2) 
Volume (in km3) 5742 +/- 35(3) 1017 +/- 130(4) 

Density (in g/cm3) 1.856 +/- 0.034 1.48 +/- 0.22 
Table 5: Bulk properties of Phobos and Deimos. (1)Paetzold et al., (2014); (2)Jacobson (2010); (3)Willner et al. 
(2014); (4)Thomas (1993); the density is obtained from the mass and volume in the rows above.  

The bulk density alone does however not indicate whether the interior of Phobos is 
heterogeneous or not. The knowledge of additional bulk properties is necessary, such 
as the amplitude of libration44, which is slightly influenced by the mass heterogeneity 
inside Phobos (e.g. Rambaux et al., 2012; Le Maistre et al., 2013). Libration was 
measured using MEX images but its value, within its error bar of 15%, can be explained 
by a homogeneous Phobos interior (Oberst et al., 2014). Precise measurements of the 
non-sphericity coefficients of the gravity field are required, in addition to the libration 
amplitude, to better constrain mass heterogeneities inside Phobos (e.g. Rosenblatt and 
Rivoldini, 2009; Rosenblatt et al., 2010, Le Maistre et al., 2019). The second-degree 
harmonic coefficients C20 and C22, and the libration amplitude, are indeed related to the 
principal moments of inertia of Phobos, and thus to its internal mass distribution 
(Borderies and Yoder, 1990). 

 
The most recent two closest flybys of Phobos dedicated to gravity (at a distance of 

90 km and 58 km) have been used to derive first estimates of C20 and C22. They support 
a heterogenous Phobos interior (Yang et al., 2019) but their uncertainties (25% on the 
C20 and almost 100% on the C22) are not small enough to constrain models of possible 
mass distribution inside Phobos (a few to ten percent of variation with respect to the 
homogenous value of -0.1 is indeed required by these models for the C20 harmonic 
coefficients, Rosenblatt et al., 2010; Le Maistre et al., 2019). Yang et al. (2019) also 

 
44 Variations of the spin rate of Phobos due to the eccentricity of its orbit around Mars. 
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found a GM value of 7.0765 105 m3/s2 with an uncertainty of 0.1%, which significantly 
differs from the previous value (Table 5). 

 
The error on the ephemeris of Phobos can significantly bias the value of the gravity 

coefficients obtained with tracking data acquired during the flyby events. Indeed, using 
GINS, I found a C20 value of -0.32 with an uncertainty of 0.6% (Figure 26) which differs 
from the homogeneous value of -0.1 by 220%. It suggests a strong heterogeneity inside 
Phobos which is difficult to explain by models of its interior (e.g. Rosenblatt et al., 
2010), besides it has not been detected in the libration amplitude value (Oberst et al., 
2014). I also found a GM value very close to the previous value of 7.11x105 m3/s2 but 
with an improved uncertainty of 0.02% (against 1.2%, Table 5). The discrepancy of my 
solution with the one by Yang et al. (2019) may be due to the fact that they used an 
additional close flyby (at 90 km) and a priori constraints to adjust the gravity 
coefficients while I did not.  

A possible explanation for the large C20 value, I found, is that it is strongly biased 
by the error in Phobos ephemeris. Indeed, the bias on the C20 estimate is even larger 
when another ephemeris is used (ESPaCE-IMCCE, Figure 26), suggesting that the error 
in Phobos ephemeris has a significant effect on Phobos C20 gravity coefficient estimate 
(and also on the GM).  
 

 
 

Figure 26: (Left) estimation of the C20 harmonics of Phobos gravity field from the MEX close flyby (58 km). 
Different data-arc durations have been considered (1, 2 or 3 MEX orbital revolutions). The tracking is continuous. 
GINS software was used.  (Right) Simulation of the Phobos C20 estimation from the MEX close flyby configuration. 
Phobos position was perturbed by 1 km. Simulations performed with GINS. 

In order to check this explanation, I simulated with GINS the tracking data of the 
MEX flyby using the observed noise on the 2-way X-band data. I used initial values of 
Phobos GM as given in Table 5 and of Phobos C20 value (homogeneous value). Then, 
I fitted the values of Phobos GM and C20 from these simulated tracking data but I 
included a bias of 1 km in the Phobos ephemeris, which is the estimated error on Phobos 
mar097 ephemeris at the time of the flyby (Jacobson, 2010). I obtained simulated values 
of GM, which is slightly different (0.1%) from the initial value, and of C20 as -0.36 or 
-0.37, depending on the data-arc duration (Figure 26). This simulated estimate differs 
by 260% from the initial value of -0.1. The result of this simulation is very similar to 
the result obtained with the true data, strongly suggesting that indeed the Phobos 
position is not known accurately enough to get an accurate solution for Phobos' gravity 
field with only one close flyby.  

I performed the same simulation by reducing the bias on Phobos ephemeris and 
found that an ephemeris error better than 10 meters is necessary in order to reduce the 
bias on the C20 to less than 1%, which is the error needed to better constrain internal 
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models of Phobos interior (e.g. Rosenblatt et al., 2010). The 10 meters level of error on 
the ephemeris of Phobos is however a very challenging goal to reach with astrometric 
observations (V. Lainey, pers. Comm., 2014). 
 

1.6 Conclusion on the gravity of the Martian system 
 

The perturbations on the spacecraft trajectory due to the gravity field of a planet 
depends on its orbit. In order to improve the planet gravity field solution, the choice of 
the spacecraft orbit is thus as important as the accuracy and the coverage of the tracking 
data. A low-altitude, near-circular and near-polar orbit tracked as often as possible is 
the most efficient implementation to map a gravity field with high spatial resolution 
and accuracy. Mars has benefited, and still does, of NASA’s spacecraft with such orbit 
and tracking to achieve a spatial resolution of 110 km, which is an improvement by a 
factor of six with respect to the gravity maps determined with the first Martian orbiters. 
This gravity map is being used to probe shallower interior of Mars in order to provide 
new constraints on the local structure of the crust and lithosphere (see Wieczorek 2007, 
for a useful review). 

 
The determination of the k2 Love number of Mars from tracking data of NASA’s 

orbiting spacecraft is the most important result brought by planetary geodesy to 
understanding the interior structure of this planet and the consequences on its evolution 
(e.g. Rivoldini et al., 2011). A fluid core today has several implications about its 
thermodynamics state and especially the presence of light elements such as sulfur which 
delays the formation of the inner core, which is consistent with the absence of magnetic 
dipole today. The k2 Love number does however not help to conclude whether there is 
an inner core (whose formation would have ceased) at the center of Mars or not.  

 
The use of ESA's MEX tracking data has been particularly useful in improving our 

knowledge of Phobos' mass. It was confirmed that the density of the moon is low 
compared to the density of the rocky materiel it could be composed of. At the beginning 
of the 2010's, questions about the actual nature of Phobos motivated me to lead a 
collaborative research project on the formation of the Martian moon system (see 
Section 2). 

 
I have participated to the processing of NASA’s spacecraft tracking data and have 

especially worked on ESA’s spacecraft tracking data, extending the ability of the GINS 
software to analyze them. In this manuscript, I have not presented my work using ESA's 
Venus Express tracking data to determine the density of the thermosphere at altitudes 
between 160 and 180 km above the North pole of Venus (Rosenblatt et al., 2012). 
Although accelerometer onboard spacecraft provide a richer dataset for atmospheric 
density at low orbital altitude (Mueller-Wodarg et al., 2016), POD provides useful 
information for long-term monitoring of the exosphere (up to 400 km for Mars, 
Bruinsma et al., 2014).    
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1.7 Perspectives and research project 
 

My research project for the next decade is related to the missions offering 
opportunities for planetary geodesy (Figure 27). In what follows I describe some of 
these planetary geodesy studies aiming to improve the time variable gravity of Mars 
(on Exomars2016 mission, not shown on Figure 27) as well as the rotation and 
orientation of Mars (on ExoMars2020 mission), also aiming to improve the gravity field 
of Venus (on EnVision candidate mission) and of Phobos (on MMX mission), and 
aiming to determine the gravity of a binary asteroid system (on HERA mission). 
 

 
Figure 27: Solar system exploration missions with opportunities for geodesy experiments over the coming 
decade. 

 

1.7.1 Mars seasonal gravity variations  
 

We saw that the seasonal even zonal harmonics are poorly resolved by the polar 
orbit of the current Martian spacecraft (see section 1.5.2.3). A non-polar orbiter, with 
altitudes similar to those of MGS, ODY or MRO, would be very useful to improve the 
situation. ESA’s Exomars2016 (TGO) spacecraft has a near-circular orbit at an altitude 
of 400 km and an inclination of 74 degrees45. The orbital signature of the even zonal 
harmonics should be enhanced by roughly a factor of five because of this inclination 
with respect to the polar orbits46. As for MGS and MEX-like orbits, I simulated with 
GINS this orbital signature on a TGO-like orbit (Figure 28). 
 

 
45 NASA’s MAVEN spacecraft has also an inclination of 74° but an elliptical orbit which unfortunately 
prevents to accurately determine even harmonics variations. As for TGO this inclination has been 
chosen to remotely sensed the atmosphere of the planet at various local times. 
46 i.e. the ratio of the cosine of TGO and MGS orbit inclinations (see Appendix B). 
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Figure 28: Orbital perturbations due to the expected seasonal variations of the first two (left) even (C20 and C40) 
and (right) odd (C30 and C50) zonal harmonics for an MGS and TGO-like orbit. Simulations performed with GINS. 

The orbital perturbations due to the seasonal variations of the even zonal harmonics 
on an TGO-like orbit are up to 25 cm compared to about 5 cm for an MGS-like orbit. 
This enhanced signal will help improving the current solution of the even zonal 
harmonics, although an orbit error of 1 meter or even better is required. The odd 
harmonics signature is however five times weaker than on an MGS-like orbit47, and the 
normal matrix of TGO tracking data should be merged with those of MGS/ODY/MRO 
to improve the seasonal variations of the Mars gravity field. If all the conditions are 
met, it will be the first ever merging of precise orbits with different inclinations for 
Mars gravity field.  

This is a high-standing challenge for POD, and I am currently working on it using 
the GINS software. My position of Guest Investigator on the TGO science investigation 
team gives me the access to the tracking and ancillary data needed to reach my goal of 
improving Mars seasonal gravity variations. 

 
The gravity field of planets, including their time variations, are modeled using the 

spherical harmonics approach. Detecting very fine time variations of the lowest zonal 
harmonics of the Mars gravity field is however very challenging given the state-of-the-
art POD. Alternatively, we could use a spatial approach like the LOS inversion of 
numerous tracking passes (e.g. Barriot et al., 1998) or the mascon approach (Lemoine 
et al., 2007). Such approaches seem promising for the variations of the CO2 mass 
deposits at polar caps. The convergence of the polar orbiter tracks over the poles indeed 
offers a tight spatio-temporal sampling of the polar caps with tracking passes. The mass 
variations could be monitored with a much better sampling rate than possible by the 
spherical harmonics approach. I will use the mascon method and will adapt to Mars the 
software developed for Earth (e.g. Schrama et al., 2014; Scanlon et al., 2016; Parisi et 
al., 2020).  

The goal is to challenge the GCM in their ability to reproduce CO2 
condensation/sublimation at finer time and spatial scales (than allowed by the lowest 
zonal harmonics and seasonal scales) by focusing at the polar caps. The 
condensation/sublimation rates are indeed not driven only by the atmospheric 
temperature and pressure over the polar caps but also by the thermal inertia of the 
underlying soil and to some extent by the diurnal cycle (Haberle et al., 2018).  
 

 
47 The ratio of the sine of the inclination of the two orbits (see Appendix B). 
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1.7.2 Mars rotation and orientation variations 
 

Planetary geodesy also aims to measure the variations of the rotation rate and 
orientation of the rotation axis of the planet, i.e. its proper motion. These variations are 
the response of the planet to external gravitational sollicitations. The internal mass 
distribution however modulates the response, which can be used in turn to probe the 
interior of the planet (in addition to the gravity field). So far, only the precession rate 
of Mars rotation axis was measured using a direct radio link between a lander and 
Earth’s stations (e.g. Folkner et al. 1997, Le Maistre et al., 2012, Kuchynka et al., 2014). 
As shown in section 1.4.1 (Figure 12), POD can provide estimation of this parameter 
as well (e.g. Konopliv et al., 2006; 2016). Konopliv et al. (2016) even merged both 
lander and orbiter tracking data to achieve the best precession rate estimation of Mars 
rotation axis. The precession rate is related to the principal moment of inertia (MOI), 
which reflects the radial mass distribution inside the planet. In particular, its value is 
related to the density of the core. Using both precession rate and k2 Love number it is 
hence possible to more tightly constrain the deep interior structure of Mars (e.g. 
Rivoldini et al., 2011).  

 
A step forward in probing the deep interior of Mars is with both InSight (Folkner et 

al., 2018) and Exomars2018 (Dehant et al. 2020) missions48. Both landers are equipped 
to establish a direct 2-way radio link in X-band over at least one Martian year. The goal 
is to precisely measure the nutations of the rotation axis of the planet in order to better 
constrain the state (presence or absence of an inner core), size and shape of the core, 
and also mantle properties (e.g. Verhoeven et al., 2005; Le Maistre, 2013). The basic 
method is to monitor the position of a lander on Mars surface with respect to Earth’s 
stations, which are accurately positioned in the inertial reference frame (ICRF). 
However, the relative positioning of a Martian reference point has to be as precise as 1 
cm over annual and sub-annual periods in order to detect the expected signature of the 
Martian core on the nutations (e.g. Le Maistre, 2013). It is again a very challenging 
planetary geodesy experiment.  

Merging with POD may help to improve further the lander solution (as done for 
precession), although nutations have not yet been retrieved from POD (e.g. Konopliv 
et al., 2006). However, there is a project to implement this option into GINS in order to 
take advantage of stacking tracking data from MGS to TGO. The very long period (at 
least ten Martian seasons) should help detecting very tiny seasonal signals in the 
reconstructed spacecraft orbits.  
 

1.7.3 The gravity field of Venus (EnVision) 
 

The mission designs to Venus are under study at both NASA and ESA in the 
framework of their programme: VERITAS and DaVinci on NASA side and EnVision 
on ESA side. Similar to VERITAS, EnVision is a spacecraft that will orbit the planet 
while DaVinci will probe the atmosphere of the planet. The goals of EnVision are to 
improve the knowledge of the surface, interior and atmosphere of Venus to understand 
its geological and climatic evolution and to detect possible geological activity today 
(Ghail et al., 2020). The interior will be probed using a planetary geodesy experiment 
consisting in tracking the EnVision spacecraft from Earth as done for the Martian 

 
48 The Exomars2018 mission launch has been recently postponed to 2022.  
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spacecraft. The goal is to improve the spatial resolution of the gravity field obtained 
with NASA’s Magellan and PVO spacecraft (Konopliv et al., 1999) in order to study 
the possible variations of the crust and lithosphere thicknesses for various geological 
features (e.g. Anderson and Smrekar, 2006). The current gravity solution contains 
indeed large areas of very poor resolution (Figure 28) preventing the detection of the 
possible geographical variations in the gravity anomalies. In addition, the k2 Love 
number has an error of 22%, which prevents concluding whether the core is liquid, 
partially liquid or even solid (Dumoulin et al., 2017, see Figure 28).  
 

  
Figure 28:  Current knowledge of Venus gravity field: (left) map of the degree strength of the current Magellan’s 
gravity solution. The best spatial resolution is 110 km (red colors) and the worst 620 km (blue colors) (from 
Anderson and Smrekar, 2006), (right) Venus interior models and the k2 Love number constraint with an error of 
22% (gray shaded area on the figure) (adapted from Dumoulin et al., 2017).   

The proposed gravity experiment aims to map the gravity field with a spatial 
resolution of about 200 km (degree strength of 90) everywhere and to get a k2 Love 
number solution with an error better than 3% (Dumoulin et al., 2020).  

I thus performed numerical simulations using GINS and DYNAMO to study the 
feasibility of this gravity experiment in the framework of the Phase-A studies of the 
EnVision project (Rosenblatt et al., 2019a,b; Rosenblatt et al., 2020).  

The two important points for a successful gravity experiment are the choice of the 
orbit and the tracking coverage and accuracy (see section 1.3.4). The foreseen orbit for 
EnVision is near-polar (88° inclination) and slightly elliptical (220x470 kmxkm) with 
a periapsis position located around latitude 65° South. The best gravity resolution is 
therefore expected in the southern hemisphere and the worst in the northern 
hemisphere. The tracking is a 2-way link with a X-band uplink and a dual frequency 
X-Ka downlink. This Ka-band downlink is foreseen for high-rate downloading of the 
other instrument data. It offers however the opportunity to remove the solar plasma 
noise on the downlink by combining both X and Ka bands (since the plasma noise 
depends on the frequency of the radio signal, JPL note 202, 2019).  

I performed an end-to-end Doppler noise budget and found an expected noise level 
as low as 0.045 mm/s at 10 seconds count time at inferior conjunction and rising up to 
2 mm/s at superior conjunction (Figure 29). These periods of very noisy Doppler signal 
occur every 584 days (synodic periods, see Table 2) so that they are unexploitable 
during one month around these events. There are two such events over the mission 
science phase of 4 Venusian days (each Venusian day is 243 Earth’s days) (Figure 29). 
In spite of the X-Ka downlink, the solar plasma is the dominant source of noise because 
of both the X-band uplink and the angular proximity of Venus to the Sun as seen from 
Earth (Figure 29).  
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Figure 29:  Doppler noise budget for EnVision gravity experiment simulations (2-way X/X-Ka Doppler link): (left 
top) Sun-Earth-Probe (SEP) angle vs time, (left bottom) Doppler noise level vs time, (right) representation of the 
Earth-Sun-Probe configuration (not at scale). 

The tracking will be performed during the downlink telemetry of the instruments of 
the payload for at least 7 hours per day. As the orbital period is about 1.5 hours, the 
tracking will cover almost half of the orbital revolutions per day sufficient to sample 
the surface with a resolution of at least 70 km (i.e. maximum cross-tracks separation). 

 
I simulated Doppler data on the basis of the EnVision orbit and of my Doppler noise 

budget for the science phase mission. I used as initial value, the Magellan’s gravity 
field and the associated k2 Love number (i.e. 0.295, Konopliv and Yoder, 1996). I then 
fit these simulated tracking data as done with true tracking data. I used as an a priori 
gravity field a version modified from the initial Magellan’s solution by adding noise on 
each harmonic, and by changing the k2 value from 0.295 to 0.1. I also added one inertial 
wheel desaturation event per day with a residual acceleration of about 5x10-6 m/s2 
(corresponding to a velocity impulse of 1 mm/s). This event occurs however twenty 
minutes before the beginning of a tracking pass in order to better constrain the generated 
acceleration with tracking data. I performed this fit to the noisy simulated Doppler data 
over successive four days data-arcs covering the entire science mission phase (four 
Venusian days). I then stacked together the individual normal matrices of each data-arc 
to obtain the global normal matrix as for the reconstruction of the gravity field with true 
data (see section 1.5.1). I finally inverted the global matrix to derive a simulated gravity 
and k2 Love number solution that I compared with the initial values to assess the ability 
of the EnVision gravity experiment to improve the determination of the gravity field of 
Venus. The results of these simulations are summarized on Figure 30.  

 
The spatial resolution of the Venus gravity field is significantly improved with an 

average degree strength of 100 (190 km) against 70 (270 km) for the current Magellan’s 
solution (Figure 30). As usually done with true data, I applied a Kaula’s constraint to 
stabilize the inversion of the global matrix. It can clearly be seen in the error spectra 
that this constraint influences the solution above harmonic degree of 80, meaning that 
all degrees below 80 are only solved from the information contained in the tracking 
data. Beyond the harmonic degree of 100 all the information on the harmonic 
coefficients are derived from Kaula’s constraint (Figure 30). 
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Figure 30: Results of the simulation of Venus gravity field recovery with EnVision tracking data: (left) comparison 
of power and error spectra per harmonic degree between the initial Magellan’s and the simulated EnVision 
solutions, (right) map of the degree strength of the simulated EnVision solution. 

The degree strength map shows that the poorest resolved areas are in the northern 
hemisphere corresponding to the highest altitude part of the orbit. This corresponds 
however to the harmonic degree of 90, which is the goal to be reached by the EnVision 
gravity experiment. The best resolved areas (up to harmonic degree of 140) cover all 
the southern hemisphere (Figure 30). The spatial sampling of 70 km is however 
expected to limit the spatial resolution to harmonic degree of 135 (see section 1.3.4). 
The drift of the orbital plane actually shifts the orbital tracks by 30 km in longitude 
every Venusian day. This shift helps to partly compensate the gaps created by the 
spatial sampling of 70 km, thus improving the expected spatial resolution of the gravity 
solution. 

 
 Such a high resolution of the EnVision gravity map would for the first time allow 

to detect the gravity signature of Coronae (average size of 300 km), which are puzzling 
geological features only observed at Venus surface. The initial value of the k2 Love 
number is retrieved with an error of 0.15% which is well within the required error of 
3% in order to better constrain the state and size of the core. 

 
These results will not be significantly affected if the Doppler noise is increased by 

considering a single X-band on the downlink because a favorable Doppler geometry 
covers all the globe and the spacecraft orbit is mainly perturbed by the gravity field. 
The EnVision case perfectly illustrates that the orbit is as important as the tracking 
coverage and accuracy to retrieve a highly resolved gravity field. Changing this orbit 
(by increasing the semi-major axis or changing the inclination and the position of the 
latitude of the pericenter) would have serious consequences on the performance of the 
gravity experiment. The EnVision mission is still under Phase-A studies. The gravity 
experiment needs further simulations to take into account the effect of non-gravitational 
forces, especially the drag at the lowest altitude part of the orbit, which perturbs the 
recovery of the highest harmonics that generate small orbital perturbations (see section 
1.2).  

 
Envision is currently in competition with two other candidates, and the final 

selection will be announced in June 2021. If selected the EnVision mission will be 
launched in 2032 and should begin its science phase on April 1st 2035. 
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1.7.4 The gravity field of Phobos (MMX) 
 

In Section 1.5.3 we saw that the gravity field of Phobos is difficult to obtain with a 
few flybys (even at close distance) because the ephemeris of Phobos is not accurate 
enough. A new opportunity to fix this issue will occur soon with the Mars Moon 
eXplorer (MMX) mission that JAXA plans to launch in 2024 (Usui et al., 2020). This 
ambitious mission aims to bring back to Earth a sample from the soil of Phobos.  

 
During the different phases of the mission, the spacecraft will spend several months 

in a quasi-synchronous orbit with Phobos at a very close distance of about 50 km with 
the possibility of performing flybys as close as 2 km. It offers the opportunity to 
determine accurately the gravity field of Phobos by performing adjustment of both 
gravity field and ephemeris. The spacecraft payload will also have a LIDAR (Usui et 
al., 2020), which could be used to have a range measurement between the spacecraft 
and the surface of Phobos in order to better separate the ephemeris error perturbation 
and the gravity signal in MMX spacecraft POD. Such an ambitious gravity experiment 
requires simulations, given the mission operation constraints, in order to assess the 
performance that could be reached on the determination of the gravity field of this small 
body. 

 
The mission will also perform several close flybys of Deimos allowing the 

improvement of estimations for its mass and thus to check its bulk density value. This 
density is lower than Phobos density, which raises the question whether Deimos might 
have a different origin compared to Phobos (Witasse et al., 2014).  
 

1.7.5 The binary asteroid Didymos (HERA) 
 

A binary asteroid system (the Didymos system) will be visited for the first time by 
a spacecraft (Figure 27). The scientific objectives of this mission are to understand the 
formation of such binary systems (e.g. Walsh et al., 2008). The knowledge of the 
internal structure is needed such as the porosity content in the secondary (Didymoon) 
since formation models predict high porosity inside the secondary if formed from 
material of the primary (Didymain) (Walsh et al., 2008). Didymoon bulk density is thus 
an important parameter of the system to understand its formation.  

The mass of the Didymos system can be estimated from Earth’s based 
measurements of the Didymoon orbital motion, but the mass ratio between the 
Didymain and Didymoon cannot be determined with high precision. The most direct 
way to improve the situation is to implement a radio science experiment in order to 
precisely measure the mass of Didymoon (Michel et al., 2016). This experiment could 
simply use the radio transponder of the navigation system to perform 2-way tracking of 
the spacecraft, nominally in X-band as for modern spacecraft. This experiment needs 
however the best spacecraft orbit in order to get a precise estimation of the mass of 
Didymoon.  

The problem is far from easy as orbiting around each body of the system is too risky 
for a spacecraft given the distance of about 1 km only between them (Michel et al., 
2016). Even orbiting the system seems difficult without frequent maneuvering given 
the low density of the two asteroids (see Table 2, in Michel et al., 2016). It is a problem 
similar to the Rosetta spacecraft around the comet 67P/Tchourioumov-
Guerassimenko.  
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The easiest trajectory to study the system would be to follow it with the spacecraft 
at a relatively large distance and to perform repeated flybys at closer distances. 
Following this strategy, I performed a first dimensioning of the flyby problem of the 
Didymos system by estimating the possible precision on the mass estimation when 
flying by Didymain or Didymoon (Figure 31). I used the formula given in Paetzold et 
al. (2001), which provides the relative error on the GM estimation of a body as a 
function of the flyby distance and velocity, and the error on the Doppler tracking data 
(Equation 2): 
 

𝜎'(
𝐺𝑀 =

𝑣$𝑑
𝐺𝑀 𝜎) 

 
where σv is the Doppler error, d is the flyby distance at closest approach, ν0 is the flyby 
spacecraft velocity (relative to the body), G is the gravitational constant and M the mass 
of the body. The Doppler noise is assumed to be 0.02 mm/s at 60 seconds count time 
(which is the state-of-the-art in 2-way X-band tracking, see section 1.3.3). Three values 
of the flyby velocity were assumed: 20, 25, 30 cm/s (Figure 31). 
 

  
Figure 31: Estimation of the relative error on the GM determination from the tracking of a spacecraft performing 
a flyby of a body of the mass of (left) Didymain and (right) Didymoon. Estimation deduced from Equation 2. 

When flying by Didymain, the relative error on the determination of its GM is 
up to about 0.17% and 0.03% at 10 km and 1 km closest approach, respectively (Figure 
31). If the mass of the system is known with the same precision (from astrometric 
methods), it would result in a relative error on the GM of Didymoon of 40% and 6% 
for 10 km and 1 km flyby distance of Didymain, respectively. However, flying by 
Didymoon at 1 km distance would reduce the relative error on the determination of its 
GM to 3% (Figure 31).  

This first assessment of the problem reveals the interest to target Didymoon to 
accurately determine its mass instead of improving the mass of Didymain.  

 
Multiple flybys (even at 10 km distance) will improve again the determination of 

the mass and gravity field of the Didymos system as well as the orientation of both 
asteroids and the orbit of Didymoon (Zannoni et al., 2018). These authors have also 
shown that additional optical data of the asteroids performed during flybys will help to 
get accurate gravity solutions, because they reduce the biases induced by the error in 
the asteroid positions (as done with the asteroid Eros with the NEAR spacecraft, 
Konopliv et al., 2002). 
  

Distance d at closest approach (in meters)

GM precision from flyby

Re
la

tiv
e 

er
ro

ro
n 

GM
 (i

n 
%

)

Distance d at closest approach (in meters)

GM precision from flyby

Re
la

tiv
e 

er
ro

ro
n 

GM
 (i

n 
%

)



 50 

1.7.6 A ‘local’ Doppler link? 
 

We have seen the importance of Doppler geometry with respect to the velocity 
perturbations we want to measure (see section 1.3.3.). This problem of geometry is also 
important for the direct link from a Martian lander to Earth (the planet is indeed moving 
slowly in the sky of Earth-based stations offering an almost frozen geometry during the 
tracking pass). This problem could be avoided with a ‘local’ Doppler link for instance 
between Martian lander(s) and an orbiting spacecraft (Barriot et al., 2001). The tracking 
of the lander by the spacecraft would indeed offer a richer Doppler geometry at each 
pass. Such an experiment requires however a precise spacecraft orbit in order to extract 
the expected nutation signal (Duron et al., 2003; Rosenblatt et al., 2004) from the 
lander-spacecraft and Earth-spacecraft tracking data. Such a ‘local’ link also requires a 
precise reference frequency and clock generated aboard the spacecraft as well as a 
lander antenna with a sufficient gain to perform precise Doppler measurements with 
the spacecraft.  

 
This ‘local’ link is however promising for many other geodesy experiments such as 

very close flybys of Phobos (Figure 32), or the Didymos system. Very close flybys pose 
indeed serious risks of losing the spacecraft. Cubesats could then be used to perform 
very close flybys, and tracking them from the spacecraft would allow precise geodesy 
experiments to be performed. However, as for the Martian Lander-spacecraft 
experiment, a precise reference frequency (and clock for dating the Doppler 
measurements) onboard the spacecraft is needed as well as a sufficiently good 
telecommunication system onboard the cubesats (i.e. high gain antenna and radio 
transponder) to perform precise Doppler tracking. Technical studies are still required 
for the adaptation of both high gain antenna and transponder to cubesats. Such an idea 
would offer exciting opportunities to improve the knowledge of dynamics of multiple 
body system.  
 

 
Figure 32: Illustration of a Doppler ‘local link’ between a spacecraft orbiting Mars and a cubesat performing very 
close flybys of Phobos.  

Uplink: S/C to CubeSat
Downlink: CubeSat to S/C

ØCubeSat performing very 
close flybys of Phobos

ØMartian Spacecraft 
tracking the  CubeSat 
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1.8  Appendices. 
 

1.8.1 Appendix A: The Keplerian motion 
 

In the 2-body problem (point mass representation of both planet and spacecraft), 
the spacecraft and the planet orbit each other around the center of mass the system (or 
mass barycenter). The mass of the spacecraft m is negligible with respect to the mass 
of the planet M, so that the mass barycenter corresponds to the center of mass of the 
planet (or planetary center). Therefore, the spacecraft orbits around this center, 
following an ellipse or Keplerian trajectory. This center corresponds to one of the foci 
of this ellipse (Figure A-1). At any given time, the angular position of the spacecraft 
with respect to the planetary center is given by the true anomaly v counted from the 
periapsis position (Figure A-1). The radial distance between the planetary center and 
the orbiting spacecraft r is related to the true anomaly v as follows (Equation A-1): 

 

𝑟 = 𝑎
1 − 𝑒&

1 + 𝑒 cos(𝜈) 

 
where a is the semi-major axis, e the eccentricity of the Keplerian ellipse and v is the 
true anomaly (Figure A-1). 
The true anomaly v is related to the eccentric anomaly E as follows (Equation A-2): 
 

tan
𝜈
2 =

G1 + 𝑒
1 − 𝑒 tan

𝐸
2 

 
and the eccentric anomaly E is related to the mean anomaly M (see figure A-1) through 
the Kepler’s equation (Equation A-3): 
 

𝐸 − 𝑒 sin 𝐸 = 𝑀 
 
The mean anomaly gives the spacecraft position at any given time t elapsed since the 
periapsis pass t0 as follows (Equation A-4): 
 

𝑀 = 𝑛(𝑡 − 𝑡$) 
 
where n is the mean motion which related to the orbital period T as follows (Equation 
A-5): 
 

𝑛 =
2𝜋
𝑇  
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Figure A-1: Representation of the Keplerian ellipse (satellite orbit) followed by the spacecraft (satellite) orbiting 
the planet. The true anomaly v is the angular position of the satellite with respect to the center of mass of the 
planet counted from the periapsis position (orbital position closest to the planet). The planet is located at one 
of the foci of the ellipse. The eccentric anomaly E is the angular position of a hypothetical satellite position with 
respect to the center of the ellipse. The hypothetical satellite is the projection of the actual satellite position on 
a hypothetical circular orbit with a radius encompassing the ellipse.  
 
The Keplerian orbital motion can be simply described as a linear relationship between 
the mean anomaly and the time. The third law of Kepler shows that the mean motion n 
is related to the semi-major axis a and the mass of the planet M (Equation A-6): 
 

𝑛&𝑎* = 𝐺𝑀 
 
where G is the gravitational constant.  
 
Note that for a planet with moons the mass barycenter of the system may not correspond 
to the planetary center. The difference in position between the two centers can 
significantly varies with time as a function of the orbits of the moons. For instance, this 
position difference can reach 90 km for the Jovian system due to the mass and the orbit 
of the four Galilean satellites while it reaches only a few millimeters for Mars. 
Typically, POD must take into account this position difference for the case of Jupiter. 
  

1.8.2 Appendix B: The perturbed Keplerian motion (Kaula’s linear solution) 
 
 

1.8.2.1 The perturbing gravitational potential 
 
The Keplerian motion is an accurate representation of the orbit of a spacecraft if the 
planet is spherical with a uniform density in its interior (i.e. a point mass representation 
can be applied). Of course, this is not the case, and a useful representation of the 
gravitational potential due to the mass distribution inside the planet is a spherical 
harmonics expansion (see Eq. 1 in section 1.2.1, and rewritten as Equation B-1): 
 

𝑈 = 𝑈$ + 𝑈+ 

Planet Periapsis
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with U0 and Up the central and perturbing potential, respectively. Up is due to the non-
spherical component of the gravitational potential U (Equation B-2): 
 

𝑈+ =
𝐺𝑀
𝑟 ./

𝑅
𝑟1

!

. 𝑃!"(sin𝜑)[𝐶!" cos(𝑚𝜆) + 𝑆!" sin(𝑚𝜆)]
"#!

"#$

%

!#&

 

 
This perturbing potential impacts the spacecraft motion (i.e. the orbital elements: 
a,e,i,w,W,M, see Section 1.2.2). In order to assess how the orbital elements are 
impacted, Kaula (1966) has re-written the perturbing gravitational potential as a 
function of the orbital elements (instead of the spherical coordinates of a point P outside 
the planet) as (Equation B-3): 
 

𝑈+ = 𝐺𝑀. .
𝑅!

𝑎!,-.𝐹!"+(𝑖)
+#!

+#$

. 𝐺!+.(𝑒)
.→,%

.→0%

𝑆!"+.

"#!

"#$

(𝜔,𝑀, Ω, 𝜃)
!→%

!#&

 

 
where Flmp(i) and Glpq(e) are the inclination and eccentricity functions, respectively (see 
Table 1 p. 34 and Table 2 p. 38, respectively, in Kaula, 1966), and Slmpq is given by 
(Equation B-4): 
 

𝑆!"+.(𝜔,𝑀, Ω, 𝜃) = R
𝐶!"
−𝑆!"

S
!0"	233

!0"	4)45

cosT𝜓!"+.V + R
𝑆!"
𝐶!"

S
!0"	233

!0"	4)45

sinT𝜓!"+.V 

 
and Ψlmpq, which is called the argument of Kaula (Equation B-5): 
 

𝜓!"+. = (𝑙 − 2𝑝)𝜔 + (𝑙 − 2𝑝 + 𝑞)𝑀 +𝑚(Ω − 𝜃) 
 
with θ  the celestial position of the longitude reference attached to the planet. It is 
related to a uniform spin rate of the planet as (Equation B-6):  
 

𝜃(𝑡) = 𝜃(𝑡$) + 𝜃̇(𝑡 − 𝑡$) 
 
This expression of the perturbing potential depends on the orbital altitude through the 
semi-major axis a, and on the inclination i and the eccentricity e through the inclination 
and eccentricity functions, respectively. It depends on the spherical harmonics 
coefficients Clm and Slm of degree l and order m and on two additional indices l and q, 
related to inclination and eccentricity functions, respectively.   
    
 

1.8.2.2 The planetary Lagrange equations 
 

As the gravitational force derives from a potential, on can describe the time 
variations of the orbital elements using the Lagrange equations (also called planetary 
Lagrange equations, Equation B-7):  
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𝑑𝑎
𝑑𝑡 =

2
𝑛𝑎

𝜕𝑈+
𝜕𝑀 		

	
𝑑𝑒
𝑑𝑡 = −

](1 − 𝑒&)
𝑛𝑎&𝑒

𝜕𝑈+
𝜕𝜔 +

1 − 𝑒&

𝑛𝑎&𝑒
𝜕𝑈+
𝜕𝑀 	

 
𝑑𝑖
𝑑𝑡 =

−1
𝑛𝑎&√1 − 𝑒& sin(𝑖)

𝜕𝑈+
𝜕Ω +

cos(𝑖)
𝑛𝑎&√1 − 𝑒& sin(𝑖)

𝜕𝑈+
𝜕𝜔 	

 
𝑑Ω
𝑑𝑡 =

1
𝑛𝑎&√1 − 𝑒& sin(𝑖)

𝜕𝑈+
𝜕𝑖 	

 
𝑑𝜔
𝑑𝑡 =

√1 − 𝑒&

𝑛𝑎&𝑒
𝜕𝑈+
𝜕𝑒 −

cos(𝑖)
𝑛𝑎&√1 − 𝑒& sin(𝑖)

𝜕𝑈+
𝜕𝑖 	

 
𝑑𝑀
𝑑𝑡 = 𝑛 −

2
𝑛𝑎

𝜕𝑈+
𝜕𝑎 −

1 − 𝑒&

𝑛𝑎&𝑒
𝜕𝑈+
𝜕𝑒  

 
When Up, the perturbing potential is equal to zero, one retrieves the Keplerian motion 
driven by the central term of the gravitational potential U0. When Up, is not equal to 
zero, these equations have no analytical solution but approximate solutions can be 
found following the perturbations approach, i.e. Up generates perturbations of the 
Keplerian motion. Kaula (1966) has proposed a solution consisting of secular 
perturbations on which periodic perturbations superimpose (see Figure 2 of section 
1.2.2). Thus, each orbital element (OE) varies as a function of the values of the others 
elements and of the spherical harmonics coefficients Clm and Slm, as (Equation B-8): 
 

𝑑𝑂𝐸
𝑑𝑡 = 𝐹(𝑎, 𝑒, 𝑖,w,W, 𝑀, 𝐶!", 𝑆!") 

 
Hereafter, is summarized the steps to follow the computation of secular and periodic 
perturbations from Kaula’s solution.  
 
 

1.8.2.3 The secular perturbations of the orbital elements 
 

The secular perturbations are obtained for Ψlmpq = 0, for all possible values of w, W, 
and M. This is obtained for the following index values: 

  
o m=0 (i.e. zonal harmonics only), 
o l-2p=0 (i.e. even zonal harmonics only) 
o q=0 

  
Therefore, only the even zonal harmonics C2p,0 generates secular variations of the 
orbital elements. The expression of Slmpq (see Eq. B-4) becomes (Equation B-9): 
 

𝑆&+,$,+,$ = 𝐶&+,$ 
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And Up (see Eq. B-3) becomes (Equation B-10): 
 

𝑈+ = 𝐺𝑀 .
𝑅&+

𝑎&+,- 𝐹&+,$,+(𝑖)𝐺&+,+,$(𝑒)𝐶&+

+→%

+#-

 

 
This Up potential only depends on the a, e, i orbital elements (as well as R, GM and 
C20). Therefore, replacing this Up expression into the Lagrange equations (Equation B-
7) shows that only the w, W, M elements vary with time, the three others elements a, e, 
i do not vary. Thus, the time derivative of w, W, M does not depend on time t (so their 
variation depends linearly on t), i.e. it is a secular or precession variation of these three 
orbital elements). One can summarise the Lagrange equations as (Equation B-11): 
 

𝑑𝑎
𝑑𝑡 =

𝑑𝑒
𝑑𝑡 =

𝑑𝑖
𝑑𝑡 = 0 

and 
 

𝑑Ω
𝑑𝑡 = 𝐾-,

𝑑𝜔
𝑑𝑡 = 𝐾&,

𝑑𝑀
𝑑𝑡 = 𝐾* 

 
where K1, K2, and K3 are constant that only depends on a, e, and i  
 
then, the solution is (Equation B-12): 
 

𝑎 = 𝑎$, 𝑒 = 𝑒$, 𝑖 = 𝑖$, ∆Ω = Ω7(𝑡 − 𝑡$), ∆ω = 𝜔7(𝑡 − 𝑡$), ∆M = 𝑀7(𝑡 − 𝑡$)	 
 
where Ws, ωs and Ms are the secular drifts of the so-called precessing orbit.  
 
 

If one only keeps the largest and lowest degree zonal harmonics, C20 (p=1), one 
gets the easiest expression of Up (Equation B-13): 

 

𝑈+ = 𝐺𝑀	
𝑅&

𝑎* 𝐹&$-
(𝑖)𝐺&-$(𝑒)𝐶&$ 

with 
 

𝐹&$-(𝑖) =
3
4 sin

(𝑖)& −
1
2	;	𝐺&-$

(𝑒) = (1 − 𝑒&)0*/& 
 
Placing this perturbing potential in the Lagrange equations (Equation B-4) for the 
ascending node W gives its precession rate as (Equation B-14): 
 

Ω7 =
3𝑛 cos(𝑖)
2(1 − 𝑒&)& /

𝑅
𝑎1

&

𝐶&$ 

 
where n is the mean motion. The ascending node secular motion corresponds to the 
precession of the orbital plane around the rotation axis of the planet (i.e. the z-axis of 
the frame where is written the spherical harmonics expansion). As n2a3=GM (third 
Kepler’s law), one gets that this secular drift varies as 1/a7/2 (therefore, it slows down 
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with increasing semi-major axis). The precession rate Ws is also proportional to C20 and 
to the cosine of the inclination, so that the polar orbit has Ws=0, which makes it not 
suitable to detect the C20 coefficient from the reconstructed variations of the spacecraft 
orbital velocity (see section 1.5.2.3). One can similarly compute the secular rate ωs and 
Ms and shows that there also proportional to C20 (Kaula, 1966). 
 
For higher degree l, the computation follows the same approach and eventually the 
secular drifts of the precessing orbit are proportional to a linear combination of the C2p,0 
even zonal harmonics Ceven, also called lumped even zonal harmonics. The coefficients 
of this linear combination depend on a, e, i and each is proportional to (R/a)2p so that 
the effect of each higher degree even zonal harmonics on the secular drift values 
decreases with increasing degree. In other words (Equation B-15): 
 

𝐶4)45 =.𝐹&+(𝑒, 𝑖) /
𝑅
𝑎1

&+%

+#$

𝐶&+,$ 

 
For instance, for e~0, 𝐹&(0, 𝑖) = 1	and 𝐹9(0, 𝑖) = 	

:
;
(7 sin(𝑖)& − 4), both for Ws (Yoder 

et al., 2003). 
In turn, it implies that one can only retrieve this lumped harmonic from the 

reconstructed orbit of the spacecraft, i.e. not to properly separate each even zonal 
harmonic. This is particularly true for the high degrees for which the associated orbital 
velocity perturbations are at the level of the noise of the Doppler tracking data. 
 

1.8.2.4 The periodic perturbations of the secular motion 
 

In the Kaula’s solution, the periodic variations are obtained for Ψ lmpq ≠ 0 and 
superimpose on the secular variations (Figure 2 in section 1.2.2). Thus, it is assumed 
that only variations with time of the elements on the right side of the Lagrange equations 
are the secular rates (and the spin rate) (Kaula, 1966). The integration of the Lagrange 
equations then provides the following solutions for the periodic variations of the orbital 
elements (Equation B-16): 
 

∆(𝑎, 𝑒, 𝑖)!"+. =
𝐾<,4,=(𝑎, 𝑒, 𝑖)𝑆!"+.

𝑑𝜓!"+.
𝑑𝑡

	 

	∆(𝜔, Ω,𝑀)!"+. =
𝐻>,?,((𝑎, 𝑒, 𝑖)	T∫ 𝑆!"+.V

𝑑𝜓!"+.
𝑑𝑡

 

 
where 𝐾<,4,=(𝑎, 𝑒, 𝑖) and 𝐻>,?,((𝑎, 𝑒, 𝑖) are function of a, e, i for each corresponding 
orbital element and ∫ 𝑆!"+. is the integral of 𝑆!"+. with respect to its argument, and 
(Equation B-17): 
 

𝑑Ψ!"+.
𝑑𝑡 = (𝑙 − 2𝑝)𝜔7 + (𝑙 − 2𝑝 + 𝑞)𝑀7 +𝑚mΩ7 − 𝜃̇n 
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where Ws, ωs and Ms are the secular drifts of the precessing orbit and 𝜃̇ the spin rate of 
the planet (see Eq. 3.76 in Kaula, 1966). 
 
This solution of the periodic variations of the orbital elements show that the amplitude 
of these variations is proportional to their periods: The longest the period, the larger the 
amplitude of the periodic variations. In addition, resonances can appear for any possible 
combinations of the indexes l,m,p,q which make @A!"#$

3B
 = 0 (see Figure 3 in Section 

1.2.2). 
 
 
I give hereafter the steps to follow to get the periodic variations of the longest period 
induced by the first zonal harmonics: 
The periodic variations are obtained for Ψlmpq ≠ 0. As one looks at the longest periods 
and zonal harmonics, we have the following values for the l,m,p,q indexes: 

 
o m=0 (i.e. zonal harmonics only), 
o l-2p≠0 (i.e. odd zonal harmonics only) 
o l-2p+q=0 (long period only) à q=2p-l 

  
We only consider the largest odd zonal harmonics C30 (i.e. l=3). As the index p is 
ranging from 0 to l, the values of the p,q indexes become: 
 

o p=0, q=-3 
o p=1, q=-1 
o p=2, q=+1 
o p=3, q=+3 

 
As we want only the longest periods, so the smaller values of Ψlmpq we only keep: 
 

o p=1, q=-1 
o p=2, q=+1 

 
That corresponds to the following possible values of Ψlmpq (Equation B-18): 
 

𝜓*$-0- = +𝜔 
	𝜓*$&,- = −𝜔 

 
and of Sl,0,p,2p-l (Equation B-19): 
 

𝑆*,$,-,0- = 𝐶*$ sin(𝜔) 
	𝑆*,$,&,- = 𝐶*$ sin(−𝜔) 

 
yielding to the following expression of the potential Up for periodic variations with the 
longest period induced by the odd zonal harmonics C30 (Equation B-20):  
 

𝑈+ = 𝐺𝑀	
𝑅*

𝑎9 o𝐹*$-
(𝑖)𝐺*,-,0-(𝑒) − 𝐹*$&(𝑖)𝐺*&-(𝑒)p 𝐶*$ sin(𝜔) 
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Thanks to the following property of the inclination and eccentricity functions (B-21): 
 

𝐹!,$,+(𝑖) = −𝐹!,$,+,-(𝑖)	 
𝐺!,+,0.	(𝑒) = 𝐺!,+,-,.	(𝑒) 

 
this Up expression becomes (Equation B-22): 
 

𝑈+ = −2𝐺𝑀	
𝑅*

𝑎9 m𝐹*$&
(𝑖)𝐺*&-(𝑒)n𝐶*$ sin(𝜔) 

with 

𝐹*$&(𝑖) = −
15
16 sin

(𝑖)* +
3
4 sin

(𝑖) ; 	𝐺*&-(𝑒) = 𝑒(1 − 𝑒&)0:/& 
 
This expression of Up is then replaced into the Lagrange equations to obtain the 
periodic variations of the orbital elements. For instance (Equation B-23): 
 

𝑑𝜔
𝑑𝑡 =

3𝑛 sin(𝑖)
2𝑒(1 − 𝑒&)* /

𝑅
𝑎1

*

R
5
4 sin

(𝑖)& − 1

+ /
1

sin(𝑖)& −
35
4 +

35
4 sin(𝑖)&1 𝑒&S 𝐶*$ sin(𝜔) 

 

	
𝑑𝑒
𝑑𝑡 =

3𝑛 sin(𝑖)
2(1 − 𝑒&)& /

𝑅
𝑎1

*

/1 −
5
4 sin

(𝑖)&1 𝐶*$ sin(𝜔) 

 
with n the mean motion (n2a3=GM). The amplitude of those periodic variations is 
proportional to 1/a6, thus lower than the amplitude of the secular variations proportional 
to 1/a7/2 (see Eq. B-14). 
For near-circular orbit e~0, the dw/dt expression diverges. In order to overcome this 
problem, we introduce the eccentricity vector such as: p = e  exp(-jws)=e(cos(ws)-
jsin(ws)) with e is the eccentricity, ws the secular drift of the argument of the periapsis 
of the precessing orbit, and j2=-1. Then, combining the dw/dt and de/dt expressions 
(see Eq. B-21), one obtains the following expression (Equation B-24): 
 

𝑑𝑝
𝑑𝑡 + 𝑗𝜔̇7𝑝 = −

3𝑛 sin(𝑖)
2(1 − 𝑒&)* /

𝑅
𝑎1

*

R/
5
4 sin

(𝑖)& − 11

+ /
1

2 sin(𝑖)& −
31
8 +

15
4 sin(𝑖)&1 𝑒&S 𝐶*$ 

 
The periodic variations of the eccentricity vector are proportional to the sine of the 
inclination and to the odd zonal harmonics C30, which make the polar orbit suitable for 
detecting the odd zonal harmonics from the reconstructed variations of the spacecraft 
orbital velocity (see section 1.5.2.3). 
 
For higher degree l, the computation follows the same approach and eventually the 
periodic variations of the orbital elements are proportional to a linear combination of 
the C2p+1,0 odd zonal harmonics Codd, also called lumped odd zonal harmonics. The 
coefficients of this linear combination depend on a, e, i and each is proportional to 
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(R/a)2p so that the effect of each higher degree odd zonal harmonics on the periodic 
variation amplitudes decreases with increasing degree. In other words (Equation B-25): 

𝐶233 =.𝐹&+,-(𝑒, 𝑖) /
𝑅
𝑎1

&+%

+#$

𝐶&+,-,$ 

 
For instance, for e~0, 𝐹*(0, 𝑖) =

:
9
sin(𝑖)& − 1 , and 𝐹:(0, 𝑖) =

:
-C
(8 − 28 sin(𝑖)& +

21 sin(𝑖)9), both for dp/dt (Yoder et al., 2003). 
In turn, it implies that one can only retrieve this lumped harmonic from the 

reconstructed orbit of the spacecraft, i.e. not to properly separate each odd zonal 
harmonic. This is particularly true for the high degrees for which the associated orbital 
velocity perturbations are at the level of the noise of the Doppler tracking data.  
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1.9 Glossary 
 

Acronym Full Name 
ADEV Allan Deviation 
AMD Angular Momentum Desaturation 
CLTC China Satellite Launch and Tracking Control 
CNES Centre National d’Etudes Spatiales 
DPODP Double Precision Orbit Determination Program 
DSN Deep Space Network 
ESPaCE European Satellite Partnership for Computing Ephemerides 
EnVision Europe’s Revolutionary Mission to Venus 
ESA European Space Agency 
ESTRACK ESA Tracking network 
GEODYN GSFC Orbit Determination and Geodetic Parameter Estimation 
GSFC Goddard Space Flight Center 
GINS Géodésie par Intégration Numérique Simultanée 
HGA High Gain Antenna 
IAU International Astronomical Union 
ICRF International Celestial Reference Frame 
IERS International Earth Rotation and Reference Systems Service 
IMCCE Institut de Mécanique Céleste et de Calcul des Ephémérides 
InSight Interior Exploration using Seismic Investigations, Geodesy and 

Heat Transport 
ISRO Indian Space Research Organisation 
ISTRAC ISRO Telemetry Tracking and Command network 
ITRF International Terrestrial Reference Frame 
JAXA Japanese Aerospace Exploration Agency 
JPL Jet Propulsion Laboratory 
LIDAR LIght Detection And Ranging 
LOS Line-Of-Sight 
MAVEN Mars Atmosphere and Volatile EvolutioN 
MEX Mars Express 
MGS Mars Global Surveyor 
MRO Mars Reconnaissance Orbiter 
NASA National Aeronautics and Space Administration   
NEAR Near Earth Asteroid Rendezvous 
OCM Orbit Control Maneuver 
ODY Mars Odyssey 
POD Precise Orbit Determination 
ROSCOSMOS Russian space agency 
TGO Trace Gas Orbiter 
USO Ultra-Stable Oscillator 
VEX Venus Express 
VLBI Very Large Base Interferometry 
WoL Wheel off Loading 
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2 The formation of the Martian moons 
 
 

Almost all the planets of our solar system have moons. Each planet-moon system 
however has a unique set of characteristics. The Martian system does not have one 
single big moon, like the Earth, nor several tens of moons of various sizes, observed 
around the giant planets, but two small moons: Phobos and Deimos. How did such a 
system form? This question is still being investigated using Earth-based and space-
borne observations of the Martian moons and on the basis of more modern theories of 
moon formation elsewhere in the solar system. 

 
The following sections are largely based on the publication [PR46], which compiles 

my achievements in the modeling of the formation of the Martian moons (publications 
[PR18], [PR24], [PR36], [PR37], [PR41], [PR43], see Section 4). 

2.1 Introduction 
 
The origin of the natural satellites or moons of the solar system is as challenging to 

unravel as the formation of the planets. Before the start of the space probe exploration 
era, this topic of planetary science was restricted to telescopic observations, which 
limited the possibility of testing different formation scenarios. This era has considerably 
boosted this topic of research, particularly after the Apollo missions returned samples 
from the Moon's surface to Earth. Observations from subsequent deep space missions 
such as Viking Orbiter 1 & 2, Voyager 1 & 2, Phobos-2, Galileo, Cassini-Huygens, and 
the most recent Mars orbiters such as Mars Express as well as from the Hubble space 
telescope have served to intensify research in this area.  

 
Each moon system has its own specificities, with different origins and histories. It 

is widely accepted that the Earth’s Moon formed after a giant collision between the 
proto-Earth and a body similar in size to Mars. The Galilean moons of Jupiter, on the 
other hand, appear to have formed by accretion in a circum-Jovian disk, while smaller, 
irregularly-shaped satellites were probably captured by the giant planet. The small and 
medium-sized Saturnian moons may have formed from the rings encircling the planet. 
Among the terrestrial planets, Mercury and Venus have no moons, the Earth has a single 
large moon and Mars has two very small satellites. This raises some challenging 
questions: what processes can lead to moon formation around terrestrial planets, and 
what parameters determine the possible outcomes, such as the number and size of 
moons? The answer to such fundamental questions necessarily entails a thorough 
understanding of the formation of the Martian system, and may have relevance to the 
possible existence of (exo)moons orbiting exoplanets. The formation of such exomoons 
is of great importance as they could influence conditions for habitability, or for 
maintaining life over long periods of time at the surface of Earth-like exoplanets, for 
example by limiting the variations of the orientation of the planet’s rotation axis and 
thus preventing frequent changes of its climate. 

 
This article summarizes our current knowledge concerning the origin of Phobos and 

Deimos, acquired from observational data as well as theoretical work. It describes why 
early observations led to the idea that the two satellites were captured asteroids and why 
the difficulties in reconciling the current orbits of Phobos and Deimos with those of 
captured bodies calls for an alternative theory. A detailed description of a giant-impact 
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scenario is then given, in which moons similar to Phobos and Deimos can be formed in 
orbits similar to those observed today. This scenario also restricts the range of possible 
composition of the two moons, providing a motivation for future missions that aim for 
the first time to bring material from the Martian system back to Earth. 

 

2.2 Puzzling origin: Capture vs in-situ formation 
 

2.2.1 The Martian moon system 
 

The two natural satellites of Mars, Phobos and Deimos, were discovered in August 
1877 by the American astronomer Asaph Hall49 (Hall, 1878). They probably went 
unnoticed for a long time because of their low albedo and their proximity to Mars which 
makes them difficult to observe with Earth-based telescopes (Pascu et al., 2014). 
Subsequent telescopic observations determined that their orbits are near-equatorial and 
near-circular, with Phobos orbiting below the synchronous limit and Deimos orbiting 
above it (see Table 1). Furthermore, the secular acceleration of Phobos' longitude along 
its orbit, discovered by Sharpless (1945), indicates that its orbit is slowly decaying, with 
Phobos losing orbital energy and gradually approaching Mars due to tidal dissipation 
inside the planet (e.g. Burns, 1992). In contrast, Deimos lies above the synchronous 
limit and thus is receding from the planet, just as the Moon is receding from Earth. 
Deimos' secular acceleration has not yet been observed due to its low mass and greater 
distance from Mars (see Tables 1 & 2). On the basis of the brightness of the two moons, 
their sizes were first estimated to be a few tens of kilometers (e.g. Pascu et al., 2014). 
Phobos and Deimos are thus much smaller than the Earth's Moon, the Galilean satellites 
of Jupiter and the main moons of the other giant planets. Earth-based historical 
observations have thus highlighted the main challenge raised by the Martian system: 
how to explain the formation of two small moons in near-equatorial and near-circular 
orbits around their primary planet? 

 
Moons Phobos Deimos 

Semi-major axis 9375 km (2.76 RM) 23458 km (7 RM) 
Eccentricity 0.01511 0.00027 

Inclination to the equator 1.076° 1.789° 
Orbital period 7h 39’ 19.47” 30h 18’ 1.36” 

Secular acceleration along the orbit 1.273 +/- 0.003 
mdeg/year2 

- 

Table 1: Orbital architecture of the Martian system (Jacobson & Lainey, 2014). The synchronous limit is at 20400 
km or around 6 RM, where 1 RM is Mars’ mean radius, equal to 3400 km. This limit is the orbital position where 
the revolution period around Mars is equal to the spin of the planet (24h39’). 

 
 
 
 
 
 
 

 
49 Asaph Hall was greatly supported by his wife Angeline Stickney in his quest of Martian satellites. 
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Moons Phobos Deimos 
Radius (in km) 13.03 x 11.40 x 9.14 (1) 7.5 x 6.1 x 5.2 (2) 

Mass (in 1016 kg) 1.066 +/- 0.013 (3) 0.151 +/- 0.003 (4) 
Volume (in km3) 5742 +/- 35 (1) 1017 +/- 130 (2) 

Density (in g/cm3) 1.856 +/- 0.034 (5) 1.48 +/- 0.22 (6) 
Table 2: Bulk properties of the Martian moons. (1) Willner et al., 2014; (2) Thomas, 1993; (3) Paetzold et al. 
(2014); (4) Jacobson (2010); (5) using mass from (4) and volume from (1); (6) Rosenblatt, 2011. The radii are from 
the best fit ellipsoid to the shape of the body (1). 

    

2.2.2 Are Phobos and Deimos small asteroids? 
 

The investigation of the Martian moon system entered a new era with space probe 
explorations (Duxbury et al., 2014). The first missions to have made important 
observations of the two moons were Mariner 9, the Viking 1 and 2 orbiters and Phobos-
2. These provided the first resolved images and spectroscopic observations of the 
surface of Phobos and Deimos (more recent images are shown in figures 1 & 2 and 
more up-to-date spectra in figure 3), as well as the first determination of their density 
(mass and volume, see updated values in Table 2). The data suggested that the two 
small moons resemble asteroids with irregular shape, cratered surface, low albedo 
(Figures 1 & 2) and low density (Table 2). Furthermore, the reflectance spectra of their 
surfaces in the near-infrared and visible wavelengths, around 0.4 to 4 microns, show an 
increasing slope toward infra-red wavelengths (reddening slope, figure 3) that match 
those of several primitive low-albedo asteroids (Pang et al., 1978; Pollack et al., 1978; 
Murchie et al., 1991; Murchie & Erard, 1996). Phobos’ surface shows areas with 
different spectral slopes defining the so-called red and blue units while Deimos’ surface 
shows only spectra similar to the Phobos red unit (Figure 2 & 3). The reflectance spectra 
of Phobos have been confirmed by the recent Mars Reconnaissance Orbiter (Fraeman 
et al., 2012), Mars Express (Fraeman et al., 2012; Witasse et al., 2014) and Rosetta 
(Pajola et al., 2012) missions as well as by observations obtained with the Hubble space 
telescope (Rivkin et al., 2002) and with the ground-based Mayall 4-m telescope of the 
Kitt Peak National Observatory (Fraeman et al., 2014). In addition, Mars Express has 
confirmed the low density of Phobos by improving estimates of its mass (Paetzold et 
al., 2014) and volume (Willner et al., 2014). The morphological, physical and 
spectroscopic similarities between the Martian moons and the primitive asteroids are 
the main arguments favouring the capture scenario, in which Phobos and Deimos are 
small low-albedo asteroids captured by the planet (e.g. Pang et al., 1978; Burns, 1992; 
Pajola et al., 2012; 2013). These asteroids would have formed from the condensation 
of carbonaceous material in the solar nebula beyond Mars’ orbit. 
 

No satisfactory spectral match between Phobos and Deimos and meteoritic 
material, recognized as the material of primitive asteroids, has however been found so 
far (e.g. Murchie et al., 1991; Murchie & Erard, 1996, Vernazza et al., 2010). In 
addition, the reflectance spectra do not clearly display absorption bands (Figure 3) 
which provide diagnostics for the composition, in terms of carbonaceous, silicate or 
hydrated material. Space weathering (alteration in space environment over time) on 
airless bodies may nonetheless suppress any of such possible bands. It is known that 
this process is responsible for darkening, reddening and suppression of absorption 
bands (as observed for Phobos and Deimos spectra, figure 3) in reflectance spectra of 
silicate material, for example on the Moon (Clark et al., 2002; Pieters et al., 2014). It 
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may therefore not be possible to determine the true surface composition of the two 
moons through spectroscopic observations alone (Rosenblatt 2011). Murchie & Erard 
(1996) indeed did not rule out that Phobos' spectra could be those of very highly 
weathered silicate material. It has been proposed more recently that dark silicate 
(anorthosite) terrains on the Moon can have low albedo similar to those of Phobos and 
Deimos (Yamamoto et al., 2018). On the other hand, a silicate-rich Phobos would not 
preclude the possibility of capture, since silicate asteroids can condense from material 
in the solar nebula closer to Mars' orbit than the region in which carbonaceous asteroids 
form.  
 

 
Figure 1: Phobos above Mars as seen by Mars Express, showing the darkness (low albedo) of the moon compared 
to the brightness of the planet (credit DLR/FU Berlin/ESA). 
 
A tentative, very weak absorption band at around 0.65 microns in the spectra of Phobos 
has recently been detected (Pajola et al., 2013; Fraeman, et al. 2014; see also figure 3) 
and could be interpreted as the signature of a carbonaceous composition, although space 
weathering effects cannot be ruled out (Fraeman et al., 2014). Such effects on 
carbonaceous material are less well understood than on silicate material, and may give 
rise to red and even blue spectral slopes observed in reflectance spectra of carbonaceous 
asteroids (Lantz et al., 2013). The effect of space weathering on reflectance spectra was 
tentatively simulated for carbonaceous meteorite samples, but the result shared little 
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similarity with Phobos and Deimos (Moroz et al., 2004; Vernazza et al., 2010). 
Emissivity spectra in the thermal infra-red domain (wavelengths from 5 to 50 microns) 
of the surface of Phobos were also measured for the first time by Mars Odyssey (Roush 
and Hogan, 2000) and Mars Express (Giuranna et al., 2011; Witasse et al., 2014). In 
contrast to the reflectance spectra, these emissivity spectra show clear features more 
typical of silicate rather than carbonaceous meteorite material (Figure 3, Giuranna et 
al., 2011). They have however a coarser spatial resolution than the reflectance spectra 
and are also more affected by grain-size particles of the surface regolith, and to some 
extent by space weathering (Pieters, 2014). 
 

 
Figure 2: Recent images of the Martian moons from the High Resolution Imaging Science Experiment (HiRISE) 
onboard the Mars Reconnaissance Orbiter. The individual colour images in near infra-red and blue-green 
channels have been combined to produce a false-colour representation where patches of high infrared 
reflectance appear in red while blue-green reflectance patches appear in blue (Thomas et al., 2011). Colour 
heterogeneities on the surface of the two moons may reveal variations of composition and/or of space 
weathering effects (Pieters, 2014). The 9 km impact crater Stickney on Phobos appears on the right-hand side of 
the image (Credit NASA/JPL/University of Arizona). 

 
The ambiguity in the composition of the Martian moons derived from remote sensing 
spectral observations raises an intriguing question: are Phobos and Deimos made of 
asteroid material (either silicate, carbonaceous or something else) or do they 
incorporate some Martian material? The latter would suggest that Phobos and Deimos 
could have been formed in situ around Mars, thus weakening the asteroid capture 
scenario. In addition, the current near-equatorial and near-circular orbits of the two 
moons are unlikely to result from a capture (Burns, 1992; Rosenblatt, 2011). 
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Figure 3: (Top) Most recent Reflectance (Solar Radiation Reflectance) spectra of Phobos and Deimos obtained 
by the Mars Express’ OMEGA and the Mars Reconnaissance Orbiter’s CRISM instruments. The Reflectance (Single 
Scattering Albedo) Spectra of the Stickney Crater area (Blue Unit) is flatter than that of Phobos Red Unit and of 
Deimos. Adapted from Fraeman et al., 2012. (Medium) CRISM and telescopic observations showing the tentative 
tiny absorption band at around 0.65 microns for Deimos and for the Red Unit of Phobos, which could be 
interpreted as the signature of carbonaceous material. Adapted from Fraeman et al. (2014). (Bottom) Emissivity 
(Thermal Radiation Emission) spectra of Phobos surface (black curve) compared to spectra of silicate material 
(red curve). Adapted from Giuranna et al. (2011). 
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2.2.3 Is capture dynamically possible? 
 

While specific dynamical conditions are required for capture to occur (Pajola et al., 
2012), it is not impossible to trap asteroids in a closed orbit around Mars. It can even 
be facilitated by a three-body capture mechanism, particularly in the early solar system 
when there was an abundance of planetesimals and other small debris (Hansen, 2018). 
The orbit of such a captured body is however expected to be significantly elliptical and 
non-equatorial, as is the case for example for the irregular satellites of Jupiter, in 
contrast to the actual orbits of Phobos and Deimos (see Table 1). The capture scenario 
thus requires a mechanism to change the post-capture orbit into the current near-
equatorial and near-circular orbits observed today. 
 

One possible mechanism is orbital tidal dissipation (Kaula, 1964). The tides raised 
by the captured satellite inside Mars and the tides raised by Mars inside the satellite 
contribute to the dissipation of the satellite orbital energy, and hence modify its orbit. 
Studies have shown however that this mechanism is not sufficient to change an 
elliptical and non-equatorial orbit into the almost circular and equatorial orbit of 
Deimos within the 5 billion years lifetime of the solar system (Szeto, 1983). Since 
Phobos is larger than Deimos (see Table 2), tidal dissipation has more effect on its orbit: 
a very elliptical post-capture orbit can be circularized over 5 billion years (e.g. 
Lambeck, 1979; Cazeneuve et al., 1980; Burns, 1992), assuming a bulk rigidity of rocky 
material with some degree of micro-porosity (for example, a carbonaceous chondrite 
material; Lambeck 1979) and a low tidal dissipation factor (Rosenblatt, 2011). 
Changing the inclination from the ecliptic plane (i.e. the mean orbital plane of the 
asteroids) to the equatorial plane however requires an even more dissipative material 
(Mignard, 1981), closer to icy rather than rocky material (Rosenblatt, 2011; Rosenblatt 
and Pinier, 2014). 
 

A number of possible solutions to this problem have been proposed. One suggestion 
is that the small body was captured in an equatorial orbit; this however requires that the 
orbital distance to Mars decreases rapidly below roughly 13 RM after capture in order 
to maintain the orbit in the equatorial plane, which seems difficult given how slowly 
the orbital eccentricity is modified by tidal effects (Burns, 1992). Others authors have 
proposed that the post-capture orbit was rapidly inclined into the equatorial plane and 
significantly circularized by drag dissipation in a primitive planetary nebula (Sasaki, 
1989). Such a nebula would have been formed around a planet accreting from the solar 
nebula gas. Drag effect studies (Sasaki, 1989) however have so far been unable to show 
whether the density profile and survival time of this nebula are consistent with the 
requirements of the capture scenario.  
 

2.2.4 Alternative scenarios: in-situ formation 
 

The difficulty of reconciling the outcome of a capture scenario with the current 
orbital properties of the Martian moons has motivated the search for alternatives. Most 
of these assume that the moons have accreted in an equatorial disk of debris containing 
extra-Martian material in order to explain their possible primitive composition 
(Rosenblatt, 2011).  
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This idea of a gravitational aggregate of debris as the bulk structure of the Martian 
moons is based on their low bulk density (see Table 2), suggesting a large amount of 
porosity in their interior (Murchie et al., 1991; Andert et al., 2010; Rosenblatt, 2011), 
as well as on plausible explanations for Phobos’ main geomorphological surface 
features such as the large impact crater Stickney (Bruck Syal et al., 2016) and some of 
its grooves (Hurford et al., 2016). These surface features would indeed require low 
rigidity that can be accounted for by porosity (Jaeger et al., 2007; Le Maistre et al., 
2013).  
 

Different mechanisms for the formation of the disk have been proposed. One idea 
is that a body much more massive than Phobos and Deimos might first have been 
captured by Mars. Its orbit would have rapidly decayed due to tidal forces and the body 
would have been destroyed when crossing the Roche limit (Singer, 2003). The resulting 
debris would have formed a ring around Mars below the Roche limit (as modelled later 
by Black & Mittal, 2015), from which small moons would have emerged. This 
relatively simple scenario however leads to another impasse: Mars’ Roche limit is about 
three RM, well inside the synchronous limit which is about six RM (Table 1). It is 
difficult to find a mechanism by which the moons formed at the Roche limit could have 
migrated far from Mars and then stayed in orbit for a long time, in particular for Deimos 
which orbits at a distance of nearly seven RM (see table 1, Rosenblatt & Charnoz, 2012, 
see also Section 2.3.4). 
 

Another possibility is that the disk resulted from a giant impact, similar to that 
which led to the formation of the Earth’s Moon. This was first proposed by Craddock 
(1994) but was disregarded by the scientific community until new data about Phobos’ 
interior by Mars Express implying a significant amount of porosity and favoring a 
formation in an accretion disk (e.g. Andert et al., 2010; Rosenblatt, 2011) revived this 
scenario. A reapprasial of Phobos’ origin from the data of the OMEGA spectrometer 
onboard Mars Express also favored such a scenario (Bibring, 2010). Craddock’s (2011) 
study suggests that a large body (one quarter to one third the size of Mars) collided with 
the proto-Mars at least 4 billion years ago, blasting debris into space. Phobos and 
Deimos may be the last surviving moons that emerged from the resulting accretion disk 
(Figure 4). The problem still remains, however, of reconciling the migration of moons 
formed at the Roche limit with the current orbits of Phobos and particularly of Deimos 
today (Rosenblatt & Charnoz, 2012). 
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Figure 4: Sketch of the giant impact scenario leading to the formation of Phobos and Deimos (from Craddock, 
2011). 

 

2.3 A giant collision scenario 
 

The giant impact scenario leading to the formation of moons can be divided into a 
number of stages (Figure 4), each of which must be carefully examined in order to build 
a robust model of the formation process, capable of reproducing the observed orbits 
and of providing information on the composition of the resulting moons. 
 

2.3.1 A giant impact early in Mars history 
 

The first question to be answered is whether or not there is any evidence for a giant 
impact; what effect would such an impact have on the planet and what traces would it 
leave today? 
 

A giant impact (Figure 5) is thought to be responsible for Mars' current spin rate 
(Dones and Tremaine, 1993; Craddock, 2011); studies suggest that the mass of the 
impactor was at least 2% that of Mars, of the order of 1022 kg. Such an impact would 
also leave behind a large crater, which would subsequently have been filled to form a 
relatively flat basin: Borealis, Elysium and Daedalia basins have been identified as 
possible candidates (Craddock, 2011). An analysis of the elongated crater population 
on the surface of Mars, supposing that they are all due to impacts of debris from the 
disk or from the decaying orbit of moons (Schultz and Lutz-Garihan, 1982), suggested 
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that the mass of the disk was of the order of 1019 kg (Craddock, 2011). However, this 
elongated crater population may also result from grazing asteroid impacts (Bottke et 
al., 2000), which would allow for less massive disks. 
 

 
Figure 5: Illustration of a giant collision between the Proto-Mars and a smaller size body (1/3 to 1/4 the size of 
the impacted planet). Copyright Labex UnivEarthS – USPC – 2016. 
 

On the other hand, the Borealis basin is the largest potential impact basin, 
measuring 10600 km by 8500 km and covering over 40% of the Martian surface, 
corresponding to the major hemispheric crustal dichotomy identified on the topography 
and gravity maps of Mars (Marinova et al., 2008). Numerical models based on the 
Smoothed Particle Hydrodynamics (SPH) approach conclude that a crater of the size of 
the Borealis basin can be formed by an object of mass 2.6% that of Mars, moving at 
about 6 km/s and impacting the surface at 45° (Marinova et al., 2008). These parameters 
are compatible with the kinds of impact thought to have occurred in the early history 
of the solar system (Wilhelms and Squyres, 1983) and can account for the spin rate of 
Mars (Dones and Tremaine, 1993). They have been used in subsequent, chemistry-
focused SPH calculations of the nascent accretion disk just after the giant impact 
(Citron et al., 2015; Hyodo et al., 2017a; Pignatale et al., 2018). Others authors (Canup 
& Salmon, 2018) however argued for an impactor about ten times less massive with 
similar impact angle and a slightly higher impact velocity (7 km/s instead of 6 km/s), 
although still within the range of impactor size/energy estimates to form Borealis. 
However, these impact conditions cannot fully account for the spin of Mars. 
 

2.3.2 Post-impact dynamical evolution of the debris cloud blasted in Mars’ 
orbit: Formation of an accretion disk 

 
Immediately after the giant impact, the ejecta that will eventually form Phobos and 

Deimos have highly elliptical orbits around Mars, with eccentricities between 0.1-0.9, 
and generally move at velocities different from those of their neighbours (Citron et al., 



 80 

2015; Hyodo et al. 2017a; Canup and Salmon 2018). At this stage, since the typical 
temperature is around 2000 K (Figure 6), the ejecta are mostly in the form of molten 
droplets whose size is determined by the interplay between their differential or shear 
velocity and the tension on the surface of the droplet. Assuming a surface tension of 
0.3 N/m for a silicate melt yields a typical droplet size just after the giant impact of 
about 1.5 m (Hyodo et al. 2017a). The droplets will quickly solidify since their cooling 
time, several tens of minutes, is relatively quick compared to their orbital period. As 
they orbit, the ejecta may collide with each other and undergo further fragmentation, 
resulting in grains of the order of 100 micron in size (Hyodo et al. 2017a). The 
eccentricity of the orbits is damped by such collisions and eventually a thin circular 
disk of debris is formed (Hyodo et al., 2017b). When the midplane of the disk is initially 
not aligned with the equatorial plane of Mars, the dynamical flattening term J2 of Mars' 
gravitational potential induces a precession of the disk particles symmetrically around 
the equatorial plane. Particle-particle inelastic collisions additionally damp their 
inclination, eventually forming an equatorial circular disk (Hyodo et al. 2017b). 
 

SPH calculations modelling the Borealis-type impact indicate that the resulting disk 
would have a mass of several 1020 kg (Citron et al., 2015; Rosenblatt et al., 2016; Hyodo 
et al., 2017a), somewhat larger that the value estimated by Craddock (2011) and by 
Canup & Salmon (2018), about 1018 – 1019 kg. Crucially for the formation of Phobos 
and Deimos, the calculations also suggest that while most of the total ejected mass is 
confined below the Roche limit, roughly 1% lies beyond this, forming a tenuous outer 
disk of material that can extend past the synchronous limit (Rosenblatt et al., 2016; 
Canup & Salmon, 2018). The resolution of the SPH calculations however is not 
sufficient to provide a precise value for the outer disk mass, nor its density profile. 
 

 
Figure 6: Snapshot of Smooth Particles Hydrodynamics (SPH) simulations of the Martian moons forming impact 
(adapted from Hyodo et al., 2017a). The orbital evolution of the orbit and temperature (color bar in Kelvin) of 
the blasted particles is shown on the top and bottom panels, respectively. The simulations run over 20 hours 
after the impact. The red, yellow, white and cyan dots of the top panel represent particles of Mars, falling on 
Mars, escaping from Mars, and forming a circum-Martian disk, respectively. Similar results have been obtained 
from other SPH simulations by Citron et al. (2015) and by Canup & Salmon (2018). The latter authors however 
considered a lower impactor mass and thus a lower-energy impact. 
 

Furthermore, some impact-debris could have escaped from Mars’ gravity field and 
started to orbit around the sun. If this ejecta hit a primordial asteroid with a high impact 
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velocity (> 5 km/s), the impact signatures (such as impact melt or/and 40Ar-39Ar 
resetting age) can be recorded (Hyodo & Genda 2018).  Also, the Borealis-forming 
impact would excavate Martian mantle material (that is olivine-rich) and some of them 
are potentially implanted in the asteroid region as rare A-type asteroids (Polishook et 
al. 2017, Hyodo & Genda 2018). 
 

2.3.3 Chemistry of the debris cloud 
 

As SPH computations show that the disk material is initially made of a mixture of 
gas (vapour) and melt (Hyodo et al., 2017a), Phobos and Deimos should be formed 
from the condensation of these two components. SPH calculations also suggest that the 
basic building blocks of the two moons are composed of roughly half-Martian and half-
impactor material (Hyodo et al., 2017a), assuming a high-energy Borealis-forming 
impact (Marinova et al., 2008). A lower-energy impact could result in a higher 
proportion, up to 80%, of Martian material (Canup & Salmon, 2018).  
 

As the disk cools, the gas condenses into small crystalline dust grains and the melt 
solidifies (Ronnet et al., 2016). Thermodynamic calculations coupled with dynamical 
modeling can be used to predict the composition of the building blocks that will accrete 
into moons (Visscher and Fegley, 2013). In particular, since the impactor may originate 
far from where Mars itself formed, the question arises as to whether differences in the 
impactor's chemistry (such as cometary or carbonaceous chondrite) leave a detectable 
trace in the composition of Phobos and Deimos (Craddock, 2011; Ronnet et al.,2016; 
Pignatale et al., 2018). This is an important question since, as mentioned in section 
2.2.2, spectral observations of the surfaces of Phobos and Deimos are unable to clearly 
determine their composition. Reflectance spectra suggest some carbonaceous material 
(Fraeman et al., 2014), while emissivity spectra strongly point to the presence of 
silicates (Giuranna et al., 2011). 

 
The thermodynamic calculations, using different types of impactor, predict a great 

diversity of final compositions for impactors carrying different amounts of C, H, O, Fe, 
Si; changing the proportion of these elements can significantly modify the resulting 
chemistry of the dust and melt (Pignatale et al., 2018). For example, a CV-chondrite 
type (anhydrous carbonaceous) type impactor would bring metallic iron, silica, iron 
sulfides and carbon; a cometary object would bring the largest carbon and water ice 
content; an enstatite chondrite would bring the largest quantities of sulfides.   
 

The presence or absence of compounds such as metallic iron, iron oxides and iron-
rich silicates, sulfides, carbon and water ice can therefore hint at the nature of the 
impactor. Most of the impactors (carbonaceous-, enstatite-, and mars-type) produce 
iron-rich dust and some (carbonaceous-, cometary-type) also produce substantial 
quantities of carbon-rich dust, an opaque material, which thus lowers the albedo of the 
surface of the accreted bodies. Furthermore, as the grain size does not exceed 0.1~10 
microns (Hyodo et al., 2017a), the reflectance of the surface is reduced (Ronnet et al., 
2016). The solidified material also tends to lack a perfect crystalline structure, reducing 
the reflectance further. The small amount of dust (at most 5%) in the final material may 
nonetheless explain the low reflectance spectra of the surface of Phobos and Deimos 
(see section 2.2.2 and figure 3). 
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Figure 7: Schematic illustration of the chemical modeling of the giant impact scenario (from Pignatale et al., 
2018). After the impact, some of the Martian material is ejected out at high temperature and vaporizes into gas, 
together with part of the impactor. The gas mixture then condenses into dust. On the other hand, the 
unvaporized material from Mars and the impactor forms a melt and then solidifies. Phobos and Deimos are the 
result of the accretion of these two components. The yellow region represents the part of the disk within the 
Roche limit (Hyodo et al. 2017a).  
 
The possible imperfect crystallisation of melt could result in compositional variability 
for the building blocks of Phobos (Pignatale et al., 2018), which may reflect the so-
called blue and red spectral units observed at the surface of Phobos (Murchie et al., 
1991, see also figure 2). Indeed, such chemical variability seems necessary in order to 
explain the puzzling stratigraphic relationship between the blue and red units observed 
throughout the area of the large impact crater Stickney (Basilevsky et al., 2014). 
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Moreover, all types of impactor composition considered in Pignatale et al. (2018), 
except the CI-chondrite type (water-rich carbonaceous), produce a low amount of iron-
rich silicates in the dust, which could explain the emissivity signature of Phobos’ 
surface (Giuranna et al., 2011). In addition, the melt concentrates minerals of silicate-
rich minerals that may explain the good match between Phobos’s emissivity spectra 
and those of silicate material (Giuranna, 2011). 

 
The material condensed in Mars orbit after a giant impact hence may not be 

incompatible with the spectral observations of the surface of the Martian moons, thus 
would not require any asteroidal material formed beyond Mars’ orbit to account for 
these spectral observations. However, more detailed simulations of reflectance and 
emissivity spectra for the predicted condensed material are needed to assess the 
matching with Phobos’ and Deimos’ spectra. These studies are challenging since the 
additional space weathering effect is only well known for silicate material. The 
matching of simulated and observed spectra can therefore yield ambiguous results 
(Gaffey, 2010).   
 

In their giant collision model, Canup & Salmon (2018) predict a disk debris 
temperature similar to the one in Hyodo et al. (2017a) but a different Mars-to-impactor 
ratio of the debris composition (80% Mars – 20% impactor). The final composition 
however should be quite similar to that predicted by Pignatale et al. (2018) for a Mars-
like impactor (which results in a full Mars’ composition). Nevertheless, a smaller 
amount of iron-rich silicate dust should be present, thus decreasing the darkening of the 
reflectance spectra that would hinder a comparison with observed reflectance spectra. 
 

If the giant impact hypothesis is correct, depletion of volatile such as water vapour 
may occur since the impact is generally energetic (Hyodo et al. 2017a, Nakajima and 
Canup, 2017; Hyodo et al. 2018). Hyodo et al. (2018) consider two possible 
mechanisms for volatile depletion: hydrodynamic escape of vapour and blow-off of the 
volatile-rich condensates from the vapour by radiation pressure. The vapour 
temperature just after the impact is TVAP~2000 K and the orbits of the debris are highly 
eccentric (Hyodo et al., 2017a), increasing their chance of escaping the system as the 
distance to Mars becomes larger. SPH calculations indicate that 10-40 % of the vapour 
satisfies the escape conditions during the first orbit from the impact point, depending 
on the impactor composition and vapour temperature between (1000-2000 K). Since 
the vapour contains more volatile elements than the melt, some fraction of the volatile 
may be lost from the original abundance by hydrodynamic escape (Hyodo et al., 2018). 
 

Along the trajectory of the debris from impact point to apocenter (at the farthest 
distance from Mars), some fraction of the vapour may also condense and form small 
volatile-rich dust particles. The heat on Mars’ surface generated by the impact (2000-
6000 K) is strong enough to blow-off these small dust particles; “moderately” volatile 
elements, whose the condensation temperature is of 700-2000 K, and whose ratio of 
radiation pressure to gravitational forces is larger than 0.1, are most likely to be 
removed by radiation pressure (Hyodo et al. 2018). This loss of volatile elements has 
to be taken into account in any prediction of the final composition of the material 
condensed in Mars orbit from a giant collision. 
 



 84 

2.3.4 Evolution of the accretion disk 
 

SPH calculations of the initial impact and the nascent accretion disk are 
computationally very demanding, and 3D hydrodynamic simulations are therefore 
limited to 10-20 hours after the impact. This is however sufficient to study the orbital 
distribution of the blasted material around Mars that will then form the accretion disk 
(see section 2.3.2 and figure 6). Describing the long-term evolution of this multi-fluids 
disk (vapor mixed with solids) with a hydrodynamics code is however not feasible with 
the computing resources available today. 
 

SPH calculations however provide material radial distributions whose density 
decreases with distance away from Mars. The calculations do not have enough 
resolution to provide fine details of the disk structure. Nevertheless, most of the mass 
is clearly concentrated below the Roche limit, and can form a dense inner disk, while 
the rest of the material, which extends slightly beyond the synchronous limit, forms a 
low-density outer disk (Rosenblatt et al., 2016; Hyodo et al., 2017; Canup and Salmon 
2018). 
 

The physics of the dense inner disk is similar to that of a viscous fluid (Salmon et 
al., 2010). The strong effective viscosity results from the formation of spiral self-
gravitating wakes, owing to the large surface density of the inner disk. As a result, the 
inner disk spreads outwards from the planet. When material crosses the Roche limit, it 
can accrete into individual moons (low mass satellites, Charnoz et al., 2010). The 
orbital evolution of these moons is then driven by two opposite forces due to their 
gravitational interaction with the inner disk material (which transfers angular 
momentum to the moon orbits, thus repelling them) and with the planet (through tidal 
dissipation which reduces the angular momentum of the moon orbit, see section 2.3.6). 
The former interaction pushes the orbit of each moonlet outwards while the second 
pulls it back towards the planet when the orbit is below the synchronous limit. Beyond 
this limit, the two forces act in the same direction and the moonlet migrates outwards 
definitively, but very slowly. This mechanism has successfully explained the formation 
of the small moons of Saturn from the planets's ring system, where the synchronous 
limit is in fact slightly below the Roche limit (Charnoz et al., 2010). 
 

In the case of Mars, the synchronous limit (6 RM) is far beyond the Roche limit 
(about 2.45 RM). After the giant impact, the inner disk is massive, and disk-satellite 
interactions dominate planet-satellite tidal interactions. Thus, any moonlet forming at 
the Roche limit is initially pushed outward. However, as the disk’s edge is located at 
the Roche limit, disk-satellite interactions cannot push a satellite beyond the 
synchronous limit; the maximal outward migration distance is defined by the 2:1 
Lindblad resonance with the outer edge of the inner disk (i.e. the Roche limit), which 
is about 4.5 RM (Charnoz et al., 2010; Rosenblatt & Charnoz, 2012). 
 

Over time, the dense inner disk empties, losing material either inwards to the 
surface of Mars or outwards across the Roche limit. As the disk density decreases, the 
Lindblad resonances become weaker (i.e. disk-satellites interactions decrease) and tidal 
dissipation eventually dominates, causing the orbits of any moonlet below the 
synchronous limit to decay. Eventually all these moonlets disappear below the Roche 
limit. The lifetime of the moonlet system depends on the mass of the inner disk; for a 
disk of mass 1019 kg, moonlets with the mass of Phobos of Deimos can form, but they 
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completely disappear after 200 Ma (Rosenblatt & Charnoz, 2012), which is much lower 
than the presumed age of Phobos' surface, which is estimated as old as 4 billion years 
(Schmedemann et al., 2014). A more massive disk would evolve even faster and would 
produce more massive moonlets, while a lighter disk would evolve more slowly but 
would produce moonlets less massive than Phobos and Deimos.  
 

As the moons cross back below the Roche limit, they do not necessarily crash onto 
the surface of Mars. They can be disrupted by the tidal forces of Mars, breaking apart 
to form a new inner disk less massive than the initial disk (Black & Mittal, 2015). The 
whole process of moon formation can then restart from this new less massive disk. It 
has been suggested that Phobos today is the result of the latest iteration, 2.5 billion 
years ago, of such a cycle of disk formation and dispersal processes, initially triggered 
by a giant impact (Hesselbrock and Minton, 2017). However, a caveat of this scenario 
is the absence of a faint remnant ring around Mars. 
 

These studies however do not take into account the low-density outer disk whose 
existence is suggested by SPH simulations. The question then is, could Phobos and 
Deimos have formed from the material in this outer disk? 
 

2.3.5 How to form two small outer satellites from a circum-Martian accretion 
disk: A dynamical solution. 

 
Since the density of the outer disk is low, it can be represented by a set of small 

bodies, or satellite embryos, rather than as a viscous fluid as was done for the dense 
inner disk. The evolution of these satellite embryos can be followed by numerically 
integrating the N-body equations of motion. A collision is commonly deemed to have 
occurred if two bodies approach each other to within their mutual Hill radius. The 
collision is treated as inelastic, resulting in accretion if the relative rebound velocity is 
smaller than the mutual escape velocity. One caveat is that disruption (i.e. the break-up 
of one or both colliding bodies) is neglected, based on the assumption that the resulting 
fragments remain close to each other and thus quickly recombine. 
 

N-body simulations of the evolution of such an outer disk usually result in a stable 
configuration involving typically a dozen or so small moons whose orbits change little 
so that there are no more collisions (a dynamically ‘frozen’ system). The masses and 
orbits of these moons reflect the initial density profile of the disk due to the conservation 
of the center of mass (Rosenblatt et al. 2016). For instance, the moons tend to be 
homogeneously distributed if the accretion disk is uniform. In order to enhance 
accretion efficiency, and hence the possibility of forming Phobos and Deimos with their 
actual masses at the expected distances from Mars, it is necessary to somehow 
dynamically excite the outer disk. 
 

Such an excitation is provided by the outward migration of the more massive 
transient inner moons that form at the Roche limit. The satellite embryos in the outer 
disk can be trapped in mean-motion resonances with the inner moons (when the ratio 
of their orbital period is a ratio of two integers), and follow concurrently their outward 
migration. The accumulation of embryos in a resonance favours accretion through 
collisions, while collisions also provide a mechanism of escaping the resonance. In 
approximately one third of the results reported by Rosenblatt et al (2016), two moons 
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were formed by this mechanism, the more massive lying below the synchronous orbit 
and the less massive lying above it as is the case in the Martian system (table 1 & 2). 
 

Since more massive inner moons migrate more quickly, the rate of collisions and 
hence the possibility of accretion can increase, which can lead to cases where all the 
debris in the outer disk has been accreted onto one or more of the inner moons. This in 
turn suggests a limit for the mass of the inner disk and hence of the initial impactor 
(Canup and Salmon, 2018). These authors place this limit at around 2x1021 kg 
(impactor) and 2x1019 kg (disk) compared to the values of 2x1022 kg (impactor) and 
5x1020 kg (disk) in Rosenblatt et al. (2016).  Although the initial mass of the disk, and 
thus the energy of the impact in both studies differ significantly, the basic process of 
forming moons from re-accretion of debris after a giant collision with Mars is similar 
(Figure 8).   
 

  
Figure 8: Accretion of satellite-embryos in the outer part of the accretion disk. (Left) from Rosenblatt et al. 
(2016): the accretion of embryos is facilitated by Mean Motion Resonances with the largest inner moon (1000 
times the mass of Phobos) as it migrates outwards, requiring a high-energetic impact such as the canonical 
widely accepted Borealis-forming impact. After about 8000 years only two small satellites survive on each side 
of the synchronous limit at 6 RM. (Right) from Canup & Salmon (2018): the accretion of embryo follows same 
physical modeling as in Rosenblatt et al. (2016) but all inner moons and their resonance interactions are taken 
into account and the tidal dissipation of Mars is significantly higher. Similar results are obtained after 10 million 
years and a less energetic impact is required. 
 

As well as increasing the semi-major axis of a trapped satellite embryo, mean-
motion resonances can also increase its eccentricity. More massive inner moons migrate 
more quickly, leading to larger eccentricities for the satellite embryos. These can be 
reduced through collisions and accretion processes, but in numerical simulations 
(Rosenblatt et al., 2016) the final two outer moons often have eccentricities somewhat 
larger than those of Phobos and Deimos today. Tidal forces acting over billions of years 
can help damp these eccentricities, as discussed in the section 2.3.6. Alternatively, if 
the mass of the initial impactor is smaller, the inner disk and hence the moons formed 
from it will be less massive. The outward migration would then be less rapid, the mean-
motion resonances would have less effect which could result in more numerous small 
moons in the outer disk with smaller eccentric orbits (Canup and Salmon, 2018). 
 

2.3.6 Orbital evolution of the Martian satellites after the accretion period 
 

If tidal evolution cannot allow capture scenarios (section 2.2.3), it also sets stringent 
constraints on accretion scenarios. Compared to other planets with moons in our solar 
system, for Mars the ratio of the centrifugal acceleration to gravitational acceleration is 
quite small, resulting in a relatively distant synchronous limit at about 6 RM. In contrast 
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to the Earth, this ratio may have barely changed throughout Mars' history (Dones and 
Tremaine, 1993). The Martian system therefore best illustrates the following rule 
(Murray and Dermott, 1999): moons above the synchronous limit recede away and 
siphon off angular momentum from the planet (Deimos behaves like most moons in the 
solar system, including Earth's Moon), while moons below the synchronous limit fall 
back and restore angular momentum to the planet (Phobos is the most notorious 
example, but Mars likely had many more moons in the past, see section 2.3.4). 
 

The precise orbital tidal evolution is controlled by gravitational torques from the 
tidal bulges raised on Mars by the moons, and from the tidal bulges raised on the moons 
by Mars. The evolution equations (Kaula, 1964) depend on a set of parameters k2/Q(c) 
describing tidal dissipation: k2 is the degree-2 potential Love number and Q(c) is the 
tidal quality factor at the principal tidal frequency c (Efroimsky and Lainey, 2007). The 
Love number k2 depends weakly on frequency; for Mars it can be estimated from tidal 
perturbations on the orbital motion of Martian spacecraft, which gives a k2 value equal 
to 0.169 with an error of about 2% (Konopliv et al., 2016; Genova et al., 2016); for the 
moons, it has not been measured but models predict k2 ∼ 10-4 for monoliths with a 
silicate composition (Lambeck 1979) and k2 ∼ 10-3 for rubble piles also with a silicate 
composition; the porosity indeed decreases rigidity (Jaeger et al., 2007) and in turn 
increases k2 (Rosenblatt et al.,2011; Le Maistre et al., 2013), which would be consistent 
with the high porosity inferred from the mass and volume of Phobos (Andert et al., 
2010; Rosenblatt 2011). The quality factors Q(c) depend strongly on the principal tidal 
frequency c; for Mars it can be estimated at the current semi-diurnal frequency from 
the secular acceleration of the mean anomaly of Phobos' current orbit, which yields Q 
= 82.8 ± 0.2 (Jacobson, 2010). The quality factors for Phobos and Deimos have not 
been measured but rubble piles are expected to be more dissipative than non-porous 
rocks, with Q < 100 (Goldreich and Sari, 2009). 
 

In the course of tidal evolution, the orbit of the Martian moons shrinks or expands, 
according to whether it is within or beyond the synchronous limit, mainly due to 
dissipation within the planet, and circularises mainly due to dissipation within the moon 
(Goldreich, 1963); the inclination is barely affected (Mignard, 1981). As the orbit 
tidally evolves, it passes through several resonances, mainly between the mean motion 
and Mars's spin at 3.8 RM (a 2:1 resonance) and 2.9 RM (a 3:1 resonance), which will 
generally re-excite the eccentricity (Yoder, 1982). Other resonances, for example 
between the pericentre and Mars's mean motion, are harder to model (Yokoyama, 
2002), given the chaotic variations of Mars' obliquity (Laskar and Robutel, 1993; 
Touma and Wisdom, 1993). 
 

If Phobos and Deimos formed from a massive initial disc of debris, with a mass ∼ 
10-3 MM (where MM is the mass of Mars), corresponding to an impactor of mass ∼ 10-

1.5 MM (Citron et al., 2015), mean motion resonances with large transient moons (see 
section 2.3.5) could facilitate the formation of exactly two moons with the correct semi-
major axes, but with an eccentricity of around 10-2 for Deimos (Rosenblatt et al., 2016). 
Damping this eccentricity by tidal forces to that observed today would require k2/Q to 
be of the order of 10-4 for Deimos, at the upper limit of the expected range for rubble 
piles, and of the order of 10-6 for Phobos, at the lower limit of the expected range for 
monolithic rocks, thus implying a different structure or composition for the two moons. 
If Phobos and Deimos formed from a less massive initial disk of debris, with a mass or 
around 10-5 MM, corresponding to an impactor of mass about 10-3 MM, mean motion 
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resonances would be largely ineffective, preventing undesirable excitation of 
eccentricities, but with the result that several moons could be left orbiting Mars (Canup 
and Salmon, 2018). For these to disappear, the value of k2/Q for Mars would have to 
be an order of magnitude larger than that presently observed, which makes the current 
orbital configuration with exactly two moons much less likely. The current resolution 
of SPH simulations is however too coarse to model the distribution of mass in the outer 
region of the initial disc of debris. 
 

2.4 Conclusion on the formation of the Martian moons 
 

The formation of moons in the solar system is a long-standing topic of research 
(Peale & Canup, 2015). Each moon system has unique characteristics, making it 
difficult to envisage a common mechanism of formation. Recent spacecraft exploration 
of giant planets, in particular the Cassini mission around Saturn, have brought to light 
the role played by rings of debris and tidal forces on the formation and orbital evolution 
of small moons (Crida and Charnoz, 2012). Similar processes can explain the formation 
of Phobos and Deimos in a disk following a giant impact on Mars. A robust scenario 
must however be able to explain the formation of two small moons rather than a single 
massive one. The spin imparted to the planet by the impactor plays a major role, as this 
determines where the synchronous limit is, in particular if it is within or beyond the 
planet’s Roche limit. A post-impact fast rotator will have a synchronous limit close to 
the planet, which favours the accretion of debris into a single body, as in the case of 
Earth’s moon. A post-impact slow rotator such as Mars, with a spin of about 24 hours, 
corresponds to a relatively far synchronous limit; moons that form close to the Roche 
limit, by viscous spreading of the disk, migrate outwards through the interaction with 
the remnant disk, but under tidal forces they will eventually fall back towards Mars. 
Only small moons formed close to or beyond the synchronous limit are expected to 
remain in orbit for a long time. The current spin of Mars is an argument in favour of a 
relatively massive impactor, which could also be responsible for the formation of the 
Borealis basin (Hyodo et al., 2017b). 

 
Numerical simulations for the complete scenario, from the initial impact to 

accretion and the long-term evolution of the two moons, yield better agreement with 
the present orbits than the previous widely-accepted capture hypothesis, and are still 
compatible with the observations concerning their composition. The amount of material 
blasted into orbit primarily depends on the mass of the impactor and on the angle of 
impact. This is crucial as it drives the evolution of the debris cloud into an accretion 
disk, as well as determining its eventual chemical composition. The various collision 
parameters are however difficult to constrain as they depend on the detailed dynamics 
of the early solar system (Hansen, 2018). 
 

JAXA (Japan Aerospace eXploration Agency) plans a sample return mission from 
Phobos in the 2020s. The Martian Moons eXploration (MMX) probe will collect about 
10 grams of material from Phobos’ regolith. If the giant impact hypothesis is correct, 
MMX would collect not only material from the impactor but also from Mars, including 
ancient mantle material (Hyodo et al., 2017a). The detailed composition of these 
samples would help constrain the thermodynamical environment in which they formed 
and hence the parameters of the giant impact. 
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Further observations and analysis are thus required to test the giant impact 
hypothesis and future sample return missions such as MMX will give critical 
information about the composition (Murchie et al., 2014; Usui et al., 2020) and hence 
the origin of the Martian moons, Phobos and Deimos. 
 

2.5 Perspectives and research project 
 

The next step in the exploration of the Martian moons is obviously the JAXA-MMX 
sample return mission to test models of their formation, as well as models of early solar 
system dynamics since the Martian system may retain material exchanged between the 
inner and outer solar system (e.g. Usui et al., 2020).  

 
For the preparation of the analysis of this Phobos surface sample and of MMX in-

situ observations, further investigations can be led on the giant collision scenario.  
 

2.5.1 Tidal dissipation properties of the Martian system throughout its history 
 
The post-accretion tidal evolution of the orbit of the two small outer satellites 

requires tidal dissipation rate three orders of magnitude higher inside Deimos than 
inside Phobos to account for their current orbit (see Section 2.3.6). It is difficult to 
explain such a difference between two small rocky bodies supposed to form in a same 
accretion disk, and so to have the same composition. A higher tidal dissipation rate is 
however expected inside early Mars, which in turn would require less dissipation rate 
inside the moons to change their post-accretion orbits into the current orbits over four 
billion years.  
 

I propose to investigate the plausible k2 and Q values (k2 is the potential Love 
number and Q the tidal quality factor) of Mars throughout its history in order to assess 
the impact on the tidal orbital evolution of its two moons50. This investigation will rely 
on modeling of the thermal evolution of Mars’ interior, using the best constraints on 
the interior rheological properties of the planet (e.g. Samuel et al., 2019). Particular 
attention will be paid to the early Mars epoch, including the effect of a giant impact in 
the thermal state of the “collided” Mars. 
 

The tidal dissipation rate of the moons is not expected to evolve with time since the 
two bodies are too small to generate any interior thermal activity. However, their k2 and 
Q values also require investigation since they depend on both composition and internal 
structure. A large amount of porosity can indeed increase the k2 value (see Le Maistre 
et al., 2013) but it is still unclear whether it will significantly affect the Q value 
(Rosenblatt, 2011).  
 

This investigation of the evolution of the interior and of the rheological properties 
of Mars and its moons, should yield a plausible range for the k2/Q values that will then 
be used to revise the orbital evolution of the Martian moon system after accretion. The 
possible dependence of Q with the orbital frequency will also be taken into account 
(e.g.  Rosenblatt and Pinier, 2014). 

 
50 The rate of a moon orbital changes due to tidal dissipation inside the planet is proportional to the 
k2/Q ratio of the planet (e.g. Kaula, 1964) 
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2.5.2 The non-tidal evolution of the Martian moon orbits  
 
The high tidal dissipation rate inside Deimos, required by the giant collision 

scenario, is explained in part because of the very small eccentricity of Deimos’ current 
orbit (0.00027, see table 1). This eccentricity could however change due to gravitational 
resonances with Phobos at time-scales shorter than billion years (as emphasized for 
Phobos by Yoder (1982)). As the resonances increase the eccentricity, the small current 
value would thus not be representative of the value to be reached by long-term evolution 
of the post-accretion orbit in the giant collision scenario. In turn, it may require less 
tidal dissipation inside Deimos than estimated in Rosenblatt et al. (2016).  

 
I propose to study the variations of the orbital eccentricity of Phobos and Deimos 

over millions years in order to obtain possible ranges for their variations. The orbital 
motion will be numerically integrated as a 3-body system. The range of eccentricity 
will then be used as the values representative of the current orbit of the two moons to 
be taken into account in long-term evolution of the orbit from the post-accretion phase 
to present, yielding a range of required tidal dissipation in the giant collision scenario 
(see section 2.5.1).  

 
This investigation is challenging since it requires the pertinent choice of the 

numerical integrator and would face issues with the current computer capabilities. An 
integration time step shorter than for long-term evolution computations is indeed 
required in order not to smooth the possible range of eccentricity variations. 

 

2.5.3 The composition of the moons and their remote sensing data 
 

In the giant collision scenario, the main part of the material (95%) forming Phobos 
and Deimos comes from the solidification of the melt phase, and its composition is 
dominated by olivine and pyroxene crystalline phases (see Table 3). Nevertheless, a 
complex of absorption bands around 1 and 1.9 microns, expected from these crystalline 
phases, is not observed in the reflectance spectra of both moon surfaces (Figure 3). If 
the moon material is indeed rich-olivine and pyroxene, then no satisfactory explanation 
has been given so far to explain this discrepancy (see Section 2.2.2).  

 

 
Table 3: Predicted composition of the circum-Martian accretion disk material (giant collision scenario) resulting 
from the solidification of the melt phase (95% of the disk material). From Pignatale et al. (2018). 
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Ronnet et al. (2016) have proposed that the condensation of a gaseous phase 
produces very fine particles (2 microns or smaller), which in turn remove any 
absorption bands in the reflectance spectra. In their calculations, however, Hyodo et al 
(2017a) found larger particles (up to 100 microns) in the disk. On the other hand, 
particularly efficient space weathering may explain the complete removal of expected 
olivine and pyroxene absorption bands (e.g. Murchie and Erard, 1996). Such a process 
is however not documented since the actual composition of the Martian moons is 
unknown (Pieters et al., 2014). The melt phase could also have solidified fast enough 
to prevent the formation of crystals, i.e. amorphous solidification or a vitrification 
process. In that case, no crystalline phase can be formed and no absorption bands can 
be observed. This explanation is however challenging because the vitrification is not a 
permanent state of the matter (Zanotto and Mauro, 2017) and it is unclear whether it 
could be maintained over billion years at the surface of airless bodies.  

 
I propose to test some of these possible explanations of the discrepancy between 

expected composition from a giant scenario and reflectance spectral data of the moon 
surfaces. Laboratory analogs of the material predicted by a giant collision (Pignatale et 
al., 2018) will be produced. Their reflectance spectra will then be measured depending 
on the particle sizes and others surface conditions (see Vernazza et al., 2010; Cipriani 
et al., 2011). The impact of both composition, particle size, and possible space 
weathering processes, on the reflectance spectra of Phobos and Deimos material 
predicted by the giant collision scenario will be tested. I also propose to perform these 
laboratory measurements in the thermal emissivity wavelength range since the 
emissivity spectra of Phobos surface support a silicate composition (Giuranna et al., 
2011).  

 
The vitrification process is an investigation that has not been performed so far for 

the study of the Martian moons. The first step of this investigation is to study the rate 
of cooling of the melt phase, i.e. the cooling of droplets of 1.5 meters size blasted into 
Mars’ orbit by the giant collision (Hyodo et al., 2017a). This theoretical investigation 
will check the conditions needed to prevent the formation of crystals. Maintaining the 
vitrification (amorphous phase) is another problem which requires a collaboration with 
experts in the domain, especially for a rich-olivine pyroxene material.  

 

2.5.4 The internal structure of accreted small size bodies 
 

The giant collision scenario however missed an important part of the accretion 
process. This modeled process starts with a distribution of up to 100 satellite embryos. 
If we assume they have the same density as Phobos, their size should be about 2 km. 
Hyodo et al. (2017a) have however shown that the accretion disk should be made of 
particles with a much smaller size (0.1 microns to about 100 microns). How do these 
fine particles accrete together to form satellite embryos with a kilometer in size? 
Alternatively, could Phobos and Deimos be formed only from the continuous accretion 
of these fine particles?  

 
A continuous accretion would support homogeneous internal mass repartition 

inside the two moons, while a final stage accretion of kilometer-size embryos should 
lead to a heterogeneous interior. Homogenous vs heterogenous interiors could be 
measured by the geodesy experiment of MMX. Theoretical models of accretion of 
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small bodies in the circum-Martian disk around the synchronous orbit are thus required 
to interpret the results of this future experiment.  
 

2.5.5 The physical properties of the Phobos returned sample. 
 

Chemical analyses will be at the heart of the investigations led on the sample of 
Phobos surface returned by the MMX mission (Usui et al., 2020). This sample could 
however be corrupted by impact-ejected Martian and/or Deimos surface material. It 
will thus be interesting to measure some physical properties of this sample in order to 
further test the formation scenarios independently of the chemical analyses. 

 
The rheological properties of the sample are important since they drive the post-

accretion evolution of the orbit of the two satellites formed at the synchronous limit. 
The rheological parameters to measure are the shear modulus (related to the k2 value) 
and the tidal dissipation factor Q. Such a measurement is however destructive and thus 
unlikely to be performed with only 10 grams of soil (Usui et al., 2020).  

 
Another physical property of interest to test the giant impact scenario, is the 

remanent magnetization of the Phobos material. The melted material in the accretion 
disk likely cooled in presence of a dipole magnetic field around Mars and must have 
recorded this field when cooling (i.e. when its temperature dropped below the Curie 
temperature). The remanent magnetization of this material is expected to be larger than 
the magnetization of meteoritic material condensed in the solar nebula because early 
Mars had probably a strong dipolar magnetic field (Langlais et al., 2019). 

 
I propose to use the predictions of the typical size, orbital distribution and 

composition of the debris blasted into Mars orbit by a giant collision (Hyodo et al., 
2017a) to compute the typical cooling time of these debris (see Section 2.5.3). When 
the temperature drops below the Curie temperature (which depends on the kind of 
magnetic mineral the cooling debris contains), the magnetic field strength of early Mars 
is recorded as remanent magnetization at the place where the debris are on its orbit 
around Mars. For the variety of possible magnetic materials (Pignatale et al., 2018), the 
range of remanent magnetisation of the Phobos material will then be computed. These 
magnetisation predictions will be compared with magnetization measurements of 
meteoritic material in order to provide a reference for magnetization measurements of 
the future Phobos soil sample. 
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Afterword 
 
 
 In my research work, I have studied different topics and used different 
approaches. My education and training were not focused on any of these topics, but was 
not focused on any of these topics, but it gave me a strong basis in fundamental and 
applied physics. It helped me to understand and apply various (and sometimes complex) 
principles, methods and techniques used in modeling as well as observations of the 
solar system bodies. My training also gave me different views of the problems and 
issues concerning the solar system. I took care to keep an original approach to explore 
innovating paths of research. 
 This long research work allowed me to meet many people from different 
scientific domains, countries, cultures and ways of life. It is certainly from these 
meetings that I learned the most on how scientific thinking is developed. From this 
point of view, exploring the solar system is particularly challenging because even after 
more than 50 years of space exploration, any new mission always requires us to 
reconstruct our models and sometimes to revisit our fundamental knowledge. These 
long exchanges with so many different people convinced me, if that were necessary, 
that research is first a team-spirit work. This is definitively how I see research: an 
adventure just as human as it is scientific. 

Today, more and more space agencies incorporate space exploration of our solar 
system in their national programs, promising new exciting discoveries and meetings. 

 
 
 

To be continued … 
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3 Curriculum Vitae détaillé (au 19 juin 2020) 
 

3.1 Position et responsabilité actuelles 
 
Chercheur contractuel au laboratoire de Planétologie et Géodynamique (UMR-6112) 
situé sur le campus de l’Université de Nantes. Co-PI de l’expérience de radio-science 
sur la mission EnVision, candidate finaliste au call M5 du programme cosmic vision de 
l’ESA. Dans le cadre des études de phase-A, je participe à l’élaboration, pour 
l’expérience de radio-science, des documents nécessaires au processus de sélection. En 
tant qu’expert en géodésie planétaire, je suis également en charge des simulations de la 
détermination du champ de gravité de Vénus par les futures données de poursuite de la 
sonde EnVision en orbite autour de la planète. Pour mener à bien ces simulations 
j’utilise le logiciel GINS (Géodésie par intégration Numérique Simultanée) développé 
par le CNES. Je contribue à développer ce logiciel pour les applications planétaires en 
l’éprouvant sur des cas réels dans le cadre de mes responsabilités internationales dans 
les missions ExoMars2016 (TGO) de l’ESA, en tant que Guest Investigator, et 
MAVEN de la NASA, en tant que Participating Scientist. 
 

3.2 Expérience d'encadrement 
 

3.2.1 Stagiaire (Licence, M1, et M2) 
 
2014-2015: Stage de +Césure, Aurélien Ancelin-Binet.  Etude de la formation des  

satellites de Mars par accrétion. Développement d'un simulateur N-corps. 
Université de Rennes-1, Observatoire royal de Belgique. 

 
2014         : Stage de Master-1, Loïc Strafella. Intégration du mouvement d'un satellite  

naturel dans une nébuleuse planétaire. Université de Rennes-1. 
 
2014         : Stage de Master-2, Benoît Pinier. Evolutions à long terme de l'orbite des  

lunes de Mars, Phobos et Deimos: Implications sur leur origine. 
Université de Rennes-1, Observatoire royal de Belgique. 

 
2012         : Stage Ecole d'ingénieur 1ère année, Giovanni Mion. Simulation numérique  

du processus d'accrétion dans un disque de débris autour de Mars. Ecole 
d'ingénieur Denis Diderot, Université Paris-7 Diderot, Observatoire royal 
de Belgique.  

 
2011         : Stage de Master-2, Stéven Toupin. Intégration numérique des équations  

de Lagrange et de Gauss pour le mouvement d'un satellite artificiel. 
Université de Rennes-1, Observatoire royal de Belgique. 

 
2009         : Stage de Master-2, Guillaume Lion. Dynamique des orbites excentriques  

autour de Mars: Spectre des perturbations gravitationnelles et analyse de 
sensibilité de l'orbite. Université de Paris-Sud 11. 
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2007         : Stage de Master-2, Ngoc-Tuyen Cao. Etude de la structure interne de  
Phobos. Université de Nantes, Observatoire royal de Belgique. 

 
2007         : Stage de Master-2, Rose-Marie Baland. Structure interne d'Europe à  

partir des mesures de poursuite Doppler d'un orbiteur. Université 
Catholique de Louvain, Observatoire royal de Belgique. 

 
2006         : Stage de licence, Antony Trinh. Etude de faisabilité concernant 

l'utilisation de mesures altimétriques (MOLA) de la sonde Mars Global 
surveyor pour la détection des nutations de Mars. Université Catholique 
de Louvain, Observatoire royal de Belgique. 
 

2006         : Stage d'école d'ingénieur 2ème année, Jonathan Renault. Simulations  
numériques de mesures LASER de distance entre la Terre et une sonde en 
orbite autour de Mars. Amélioration de la détermination du champ de 
gravité de la planète. Ecole Nationale des Sciences Géographiques, 
Observatoire royal de Belgique. 
 

2005         : Stage de DEA, Jordi Fondecaba i Baig. Etude de la fonction de mesure de  
Mars Express et applications au calcul des variations temporelles du 
champ de gravité martien. Observatoire de Paris, Université Notre Dame 
de la Paix Namur, Observatoire royal de Belgique. 
 

3.2.2 Doctorant 
 

• 2010-2013: Sébastien Le Maistre. The rotation of Mars and Phobos from 
Earth-based radio-tracking observations of a lander. Université Catholique de 
Louvain.  

 
Encadrant : Véronique Dehant (ROB, Belgium) 
 
Publications communes : Ce travail de thèse a donné lieu à trois publications 
communes dans des revues de rang A à comité de lecture [PR16], [PR22] et [PR26]. 
 
Taux d’encadrement : 50% 
 
Devenir du candidat du Docteur: Après sa these, S. Le Maistre a effectué 2.5 years de 
PostDoc au JPL-NASA (California, USA). Il est ensuite revenu à l’ORB où il est à ce 
jour contractuel de recherche. 
 
Résumé de la thèse: The knowledge of the interior structure of terrestrial planets is 
fundamental to our understanding of the Solar system and for our comprehension of the 
formation and evolution of those planets. The study of the rotation variations allows to 
explore such otherwise difficult to obtain global properties of those planets. Deep space 
missions involving landers are the most suitable ones to study the rotation of their host. 
Firstly, numerical simulations have been realized to assess the precision that can be 
obtained in the determination of the rotation parameters of Mars from Direct-To-Earth 
(DTE) Doppler data. Among other things, these simulations provided the precision and 
the accuracy that can be inferred on the physical properties of the liquid core of Mars 
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(size, moments of inertia and dynamical flattening) from future Mars nutation 
measurements. In the same way, the precision that can be achieved on the Phobos 
libration estimates has been predicted still using DTE Doppler data from a lander. 
Secondly, we have analyzed Viking Lander 1, Pathfinder Spirit and Opportunity real 
Doppler data. From this dataset, we have estimated new Mars rotation parameters 
including a new precession rate solution appreciably smaller than the current one. The 
liquid core contribution to nutation has likely been observed, but the large error bars in 
the nutation parameter estimates prevent to constrain Mars interior models. 
 
 

• 2002-2005: Julien Duron. De la dynamique d’un satellite en orbite autour de 
Mars : Applications aux missions de radio science Mars Global Surveyor, 
Odyssey, Mars Express et NetLander. Université Catholique de Louvain.  

 
Encadrant : Véronique Dehant (ROB, Belgium) 
 
Publications communes : Ce travail de thèse a donné lieu à deux publications dans des 
revues de rang A à comité de lecture [PR4] et [PR12]. 
 
Taux d’encadrement : 50% 
 
Devenir du Docteur: Après sa thèse, Julien Duron a travaillé pour des entreprises 
privées de sous-traitance dans le domaine du spatial. Il est actuellement employé à 
Telespazio en tant que ‘project manager’ sur le contrôle d’orbite des satellites artificiels 
de la Terre. 
 
Résumé de la thèse: Mars est entourée d'une atmosphère ténue, composée à 95% de 
dioxyde de carbone (CO2). Au cours d'une année martienne, des transferts de masse 
(jusqu'à 30% du CO2 atmosphérique) entre l'atmosphère et les calottes polaires 
produisent des variations temporelles à très grande longueur d'onde du champ de 
gravité, notamment des harmoniques zonaux de son développement en harmoniques 
sphériques (de fait les coefficients "composites" de degré 2 et 3). D'un autre côté, le 
potentiel gravitationnel du Soleil induit des déformations, dites de marée, du volume 
martien. Ces déformations produisent un potentiel perturbateur en tout point extérieur 
à la planète, proportionnel à son nombre de Love de degré 2 k2. k2 traduit la réponse 
élastique de la planète au potentiel solaire et permet de caractériser physiquement le 
noyau de Mars (sa nature, solide ou liquide, et son rayon). Une manière de quantifier 
les transferts de la masse atmosphérique et l'état du noyau est de déterminer les 
perturbations inhérentes sur le mouvement d'un satellite artificiel. Le cycle saisonnier 
du CO2 et l'état du noyau impliquent aussi des variations de la rotation de Mars. Une 
autre manière de quantifier les transferts de la masse atmosphérique et l'état du noyau 
est donc d'observer leurs effets sur la rotation. Des simulations d'observations de 
trajectographie de satellites (comme celles de Mars Global Surveyor, MGS, Odyssey, 
MODY) et/ou de la position d'un réseau de stations à la surface de Mars (comme dans 
l'expérience NEIGE) nous ont permis de voir s'il est possible de restituer précisément 
les variations des harmoniques zonaux de gravité de bas degré et/ou la rotation. Avec 
les observations réelles de trajectographie des missions américaines MGS et MODY, 
on a restitué les variations des harmoniques zonaux de gravité de bas degré et k2. 
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3.2.3 Post-doctorant 
 

• 2011-2014: Maria Kudryashova. Radio-science workpackage (WP2) of the 
European Satellite Partnership for Computing Ephemerides (ESpACE).  

 
Publication commune : Ce travail a donné lieu à la publication d'un proceeding [P14] 
et à des communications dans des congrès internationaux. 
 

• 2010-2011: Séverine Rosat. Mars and Mercury rotation variations from 
altimetry crossover data: Feasibility study. Observatoire royal de Belgique. 

 
Publication commune : Ce travail a donné lieu à une publication dans une revue de rang 
A à comité de lecture [PR9] ainsi qu'à des communications dans des congrès 
internationaux. 
 
Devenir du Post-Doctorant : Séverine Rosat est chargée de recherche au CNRS depuis 
2011. 
 

3.2.4 Participation à des jurys de thèse et de stage  
 
2012 - 2017: Membre du comité d'encadrement de la thèse d'Alexis Coyette:  

Variations de la rotation et structure interne des satellites de glace du 
système solaire. Université Catholique de Louvain, Observatoire royal 
de Belgique.  

 
2013           : Rapporteur de la thèse de Guillaume Lion: Dynamique des orbites  

fortement elliptiques. Observatoire de Paris, Institut de Mécanique 
Céleste et de Calcul des Ephémérides. 

 
2012           : Rapporteur de la thèse d'Olivia Golle: Convection mantellique,  

topographie et géoïde sur Mars et Vénus". Université de Nantes, 
Laboratoire de Planétologie et Géodynamique. 

 
2011           : Rapporteur de la thèse de Laurène Beauvalet: Etude dynamique des  

systèmes multiples de petits corps. Application au système de Pluton. 
Observatoire de Paris, Institut de Mécanique Céleste et de Calcul des 
Ephémérides. 

 
2011           : Lecteur du mémoire d'Alexis Coyette: Calcul des modes de Slichter de  

Mercure. Université Catholique de Louvain, Observatoire royal de 
Belgique. 

 
2009           : Rapporteur de la thèse de Josselin Desmars: Précision d'extrapolation  

des éphémérides des objets du système solaire. Application aux satellites 
de Saturne. Observatoire de Paris, Institut de Mécanique Céleste et de 
Calcul des Ephémérides. 
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3.3 Expérience de recherche 
 

3.3.1 Participation à des propositions de missions spatiales 
 

3.3.1.1 Proposition en cours de sélection 
 
Oct. 2016: Co-Principal Investigator (Co-PI) de l'expérience de radio-science dans la  

proposition de mission EnVision soumise en réponse à l'appel d'offre 
Medium-Class mission call#5 du Cosmic Vision Program de l'ESA. 
 
Etude de phase-A (Juin 2018 – Juin 2021).  

 
3.3.1.2 Proposition sélectionnée 

 
Oct. 2014: Collaborator de la proposition "Analysis of Magellan and Venus Express  

satellite tracking data for high-resolution gravity field determination" 
soumise au programme Planetary Missions Data Analysis Program 
(PMDAP) de la NASA. 

 
Juin 2013: Participating Scientist sur la mission MAVEN de la NASA. Projet MAGE  

(Maven Atmospheric and Gravity Experiment). 
 

Nov. 2011: Proposition d'une expérience de radio-science visant à déterminer le  
champ de gravité et l'amplitude de libration de Phobos en utilisant les 
données de poursuite de la sonde PHOBOS-GRUNT de l'agence spatiale 
russe Roscosmos. 
 

3.3.1.3 Proposition non sélectionnée 
 
Mar. 2017: Coordinator de la proposition COMPARE (Combining Observations and 

Modeling to Promote upper Atmosphere Research and Exploitation) 
soumise à l'appel d'offre COMPET-4 du programme H2020 de la 
commission Européenne. 

 
Oct. 2016: Team Core Member de la proposition DePhine soumise en réponse à  

l'appel d'offre Medium-Class mission call#5 du Cosmic Vision Program de 
l'ESA. 

 
Fév. 2015: Co-Investigator (Co-I) sur la proposition PADME soumise à l'appel d'offre  

du programme Discovery de la NASA. Détermination et modélisation de la 
structure interne de Phobos. 

 
Jan. 2015: Team leader pour l'expérience de radio-science sur la partie atterrisseur de  

la proposition PHODEX soumise en réponse à l'appel d'offre Medium-Class 
mission call#4 du Cosmic Vision Program de l'ESA. 

 
Jan. 2015: Participation (Champ de gravité) à la proposition EnVision soumise en  
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réponse à l'appel d'offre Medium-Class mission call#4 du Cosmic Vision 
Program de l'ESA. 

 
Jan. 2015: Instrument leader (radio-science) sur la proposition NAUTILUS soumise  

en réponse à l'appel d'offre Medium-Class mission call#4 du Cosmic Vision 
Program de l'ESA. 

 
Nov. 2012: Proposition du transponder LaRa à l'appel d'offre à instrument pour la  

mission candidate MarcoPolo-R pour répondre à l'appel d'offre Medium-
Class mission call#3 du Cosmic Vision Program de l'ESA. PI de 
l'expérience de radio-science utilisant ce transponder. 

 
Déc. 2010: Membre du core Team de la proposition de mission GETEMME (Gravity  

Field Studies, Tests of Einstein's Theory, and Exploration of the Martian 
Moons' Environment, soumise en réponse au Medium-Class mission 
call#3 du Cosmic Vision Program de l'ESA. 

 
Déc. 2010: Co-investigator (Co-I) de la proposition de mission EVE (European  

Venus Explorer), soumise en réponse au Medium-Class mission call#3 du 
Cosmic Vision Program de l'ESA. 

 
Juin 2009: Co-investigator (Co-I) de la proposition de mission ODYSSEUS soumise  

au new frontiers program de la NASA. 
 

3.3.2 Responsabilités internationales  
 
Depuis 2017: Co-investigator (Co-I) sur l'expérience NOMAD à bord de l'orbiteur 

ExoMars2016 (TGO, Trace Gas Orbiter) de l'ESA. 
 
Depuis 2016: Guest Investigator (GI) sur la mission de l'ESA ExoMars2016 (orbiteur  

TGO, Trace Gas Orbiter). 
 
Depuis 2015: Membre de la Study Science Team de la mission candidate  

Phobos Sample Return (PhSR) de l'ESA. 
 
2015-2016: Co-investigator (Co-I) sur l'expérience de radio-science  

LaRa (Lander Radioscience) embarquée à bord de la plateforme russe, 
composante de la mission ExoMars 2018 de l'Agence Spatiale 
européenne et de l'agence spatiale russe (Roscosmos). 
 

2015-2016: Membre du Advisory Team de la mission candidate AIDA  
(Asteroid Impact & Deflection Assessement). Expertise dans 
l'expérience de radio-science (champ de gravité et structure interne du 
système d'astéroides binaires Dydimos cible de la mission). 

 
Depuis 2014: Collaborateur au projet "Analysis of Magellan and Venus  

Express satellite tracking data for high-resolution gravity field 
determination" du programme Planetary Mission Data Analysis 
Program (PMDAP) de la NASA.  
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Depuis 2013: Co-Investigator (Co-I) sur l'expérience PRIDE (Planetary Radio  

Interferometry and Doppler Experiment) embarquée sur la mission de 
classe L1 JUICE (JUpiter ICy moons Explorer) de l'ESA 
 

Depuis 2013: Participating Scientist (PS) à la mission MAVEN (Mars  
Atmosphere and Volatile EvolutioN) de la NASA. Projet de recherche 
MAGE (Maven Atmosphere and Gravity Experiment): Mesure de la 
densité de la thermosphère et amélioration du champ de gravité de 
Mars à partir des données de poursuites de l'orbiteur MAVEN.  

  
Depuis 2013: Principal Investigator (PI) de l'expérience GR035 utilisant  

les données PRIDE (Planetary Radio Interferometry and Doppler 
Experiment) effectuée lors du survol rapproché de Phobos par la sonde 
Mars Express de l'ESA en décembre 2013. 

  
2012-2015: Membre du Planetary Science Archive Group (PSA-UG) de  

l'agence spatiale européenne (ESA). 
 
2011-2015: Responsable du workpackage radio-science (WP2) du projet  

européen FP7 ESPaCE (European Satellite Partnership for Computing 
Ephemerides). 

 
2011         : Co-Investigator (Co-I) de l'expérience de radio-science de la 

mission Phobos-Soil de l'agence spatiale russe (Roscosmos). 
 

Depuis 2008: Co-Investigator (Co-I) des expériences de radio-science à  
bord des missions Mars Express et Venus Express de l'agence spatiale 
Européenne (ESA).  

 

3.3.3 Responsabilités nationales 
 
2010-2017: Membre du comité national belge de géodésie et géophysique. 
  
1992-1997: Participation à des programmes de recherche Français:  

1992-1997 Programme Dynamique et Bilan de la Terre II - Terre 
profonde. 1994 Programme IDYL - Structure globale de la lithosphère 
et interactions Lithosphère/Asthénosphère/Panaches. 
 

3.3.4 Organisation de symposium, convener de session. 
 
Juillet 2016: Membre du Scientific Organizing Committee of the 3rd international  

conference on the exploration of Phobos and Deimos. NASA-AMES, 
Moffet field, CA, USA.  

 
Juin 2012: Membre du Scientific Organizing Committee of the 46th ESLAB  

symposium "Formation and evolution of moons". ESTEC/ESA, 
Noordwijk, The Netherlands.  
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Mai 2009: Co-organisateur de la session Interior and subsurface of the international  

conference on comparative planetology: Venus-Earth-Mars, 
ESTEC/ESA, Noordwijk, The Netherlands. 

 
Déc. 2004: Co-convener (avec F. Lemoine, Goddard space flight center) de la session  

"Geodesy, Gravity Field and Dynamics of Telluric Planets" of the 
American Geophysical Union meeting. San Francisco, CA, USA. 

 
3.3.5 Stage, post-doctorat, contrats 

 
Sep. 2019-Aug. 2020: Chercheur au laboratoire de Planétologie et Géodynamique.  
                                    Co-PI de l’expérience de radio-science à bord de la mission  
                                    EnVision candidate au call M5 du programme cosmic vision  
                                   de l’ESA. Responsable de l’étude de phase-A sur l’amélioration  
                                  du champ de gravité de Vénus à partir des données de poursuite  
                                  de la sonde en orbite autour de Vénus.  
 
Mai 2019-Jul. 2019: Ingénieur de recherche au Laboratoire de Planétologie et  
                                  Géodynamique. Pré-étude de faisabilité d’une expérience de  
                                  gravité à bord de la mission EnVision candidate au call M5 du  
                                  programme cosmic vision de l’ESA 
 
Nov. 2001-Sep. 2017: Chercheur à l’observatoire royal de Belgique. Responsable de  
                                     l’analyse et de l’interprétation scientifique des données de  
                                     poursuite radio des atterrisseurs et orbiteurs planétaires. 
 
Fev.-Oct. 2001: Chercheur au Laboratoire d'Etudes Geophysique et  

   Océanographique spatiales (LEGOS, Toulouse, France). Simulations     
    numériques d'orbites de satellites artificiels de la Terre pour  
    améliorer le système de positionnement DORIS du CNES. 

  
Oct. 1995-Sep.1998: Post-doctorat au laboratoire de dynamique terrestre et  

           planétaire (DTP/CNRS, Toulouse, France). Sujet de recherche:   
           Analyse quantitative des données radar (altimétrie et imagerie  
           SAR) et des données de gravité de la sonde Américaine  
          Magellan en orbite autour de Vénus. Interprétation de l'histoire  
          géologique régionale et locale de la planète - Structure thermique  
          et mécanique de sa lithosphère.  
          Séjour d'Octobre à Décembre 1996 et en mars 1997 à Brown  
          University (Prof. James Head) pour l'analyse des images radar. 

 
Mar-Jul 1990: Stage de DEA: Détermination de l'orbite de satellite  

artificiel de la Terre à partir de données de poursuite optique (Alcatel 
Espace, Toulouse, France). 

 
Fev.-Sept. 1989: Stage à l'Observatoire Midi-Pyrénées. Observation et  

    analyse des images CCD de galaxies allongées.  
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3.4 Collaborations 
 

3.4.1  Laboratoires d'accueil 
 
 Ma première collaboration fut avec des astronomes de l'Observatoire Midi-
Pyrénées lors de mon stage d'initiation à la recherche (Février-Septembre 1989). Cette 
collaboration a abouti à un article de rang A dont j'ai été co-auteur [PR1]. J'ai ensuite 
collaboré avec des chercheurs du laboratoire de Dynamique Terrestre et Planétaire où 
j'ai effectué ma thèse et mon post-doctorat ainsi qu'avec des ingénieurs du CNES, 
menant à deux publications de rang A [PR2] et [PR3] et à plusieurs proceedings [P1], 
[P2] et [P3] et à de nombreuses communications dans des congrès internationaux et 
nationaux. 
De 2001 à 2017, j’ai développé mes recherches en géodésie planétaire au sein de 
l'équipe de planétologie de l'observatoire royal de Belgique. Une série d'article sur 
l'analyse et l'interprétation des mesures de poursuite des sondes planétaires ont été 
publiés dans des journaux de rang A à comité de lecture [PR7], [PR10], et [PR12] ainsi 
qu’à des proceedings [P10] et [P11] et à de très nombreuses communications. Cette 
collaboration a aussi conduit à des articles de rang A sur des simulations de futures 
missions [PR4], [PR5], [PR6], [PR9], [PR11], [PR16], [PR22] et [PR26] ainsi qu'à des 
proceedings [P4], [P5], [P6] et à des communications. J'ai également participé à des 
publications sur des aspects plus théoriques de la modélisation et de l'interprétation 
géophysique des données de poursuite ou encore sur la structure interne des corps du 
système solaire qui ont mené à des publications de rang A [PR8], [PR14], [PR15], 
[PR17], [PR21], et [PR25] ainsi qu'à des proceedings [P7], [P8] et [P9] et à des 
communications. 
 

3.4.2 Nationales et internationales 
   
 Je collabore depuis plus récemment avec l'institut royale d'aéronomie spatiale 
sur l'interprétation conjointe des données de poursuite et des données d'occultation 
solaire réalisées par l'instrument belge SOIR qui a volé sur la mission européenne 
Venus Express. Ce travail a mené jusqu'à présent à des communications. Cette 
collaboration (Co-I ship) se poursuit avec la même équipe qui mène les investigations 
de leur instrument NOMAD sur TGO.   
 Mes collaborations internationales ont débuté dès mon post-doctorat avec un 
séjour à Brown University, RI, USA qui a donné lieu à des communications. A mon 
arrivée à l'observatoire royal de Belgique mes collaborations internationales se sont 
établies avec l'équipe de géodésie spatiale du CNES au travers du développement et de 
l'utilisation du logiciel d'orbitographie GINS. Cette collaboration continue depuis lors 
et a mené à des publications de rang A, à des proceedings et à des communications, 
aussi bien sur l'exploitation des données de poursuite des missions européennes (MEX, 
VEX) et américaines (MGS, ODY, MRO) que sur des simulations de missions 
candidates. Une collaboration supplémentaire sur des aspects théoriques de structure 
interne des planètes s'est aussi développée avec l'appui du laboratoire de Planétologie 
et de géodynamique de l'Université de Nantes (Prof. A. Mocquet). 
 Mes collaborations se sont étendues avec mes responsabilités internationales, 
en tant que Co-I, au sein des équipes de radio-science des missions MEX (Mars Express 
Radio-Science, MaRS) et VeX (Venus Express RAdio-science, VeRA). J'ai ainsi 
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participé à des publications de rang A [PR13], [PR27], [PR28] et [PR32], à un 
proceeding [P12] et à de nombreuses communications. 
 Je collabore également avec l'équipe du JIVE-ERIC (Joint Institute for Vlbi in 
Europe) pour l'exploitation des données de poursuite PRIDE (Planetary Radio 
Interferometry and Doppler Experiment) acquises avec les sondes européennes MEX 
et VEX. Cette collaboration récente a déjà donné lieu à une publication de rang A 
[PR33] et à un Co-I ship sur la mission JUICE de l’ESA. 
 Au fil des années, j'ai acquis une réputation internationale dans le domaine de 
la géodésie spatiale et j'ai ainsi été contacté à plusieurs reprises pour la partie radio-
science de missions candidates au programme de l'ESA, de la NASA et de Roscosmos. 
Bien qu'aucune de ces missions n'aient été sélectionnée (ou ait échouée, Phobos 
GRUNT), ces collaborations ont mené à des publications de rang A [PR20], [PR23] et 
[PR31] et à des communications. J'ai été sélectionné comme Participating Scientist à 
la mission MAVEN de la NASA menant jusqu'à présent à une publication de rang A 
[PR29]. J'ai activement collaboré au projet européen ESPaCE menant à des proceedings 
[P13], [P14] et [P15].  
 Ces collaborations m'ont donné l'envie de fédérer des ressources pluri-
disciplinaires afin d'ouvrir de nouvelles voies de recherche dans une problématique 
donnée. J'ai donc conçu un projet de recherche sur la question de l'origine des lunes de 
Mars en publiant un article de review dans une revue de rang A [PR18] et j’ai dirigé 
une équipe de chercheurs internationaux (Japon, France, Belgique) qui a produit une 
avancée marquante sur la question avec des publications de rang A [PR24], [PR34] , 
[PR36], [PR37], [PR41], [PR43] et [PR46] ainsi que des communications.  
 

3.5 Récompense 
 
2013: Prix Georges Van Der Linden de l'académie royale de Belgique. 
 

3.6 Expérience d'enseignement 
 

3.6.1 Cours universitaire et école d'été 
 
2009-2015: Assistant professeur invité à l'Université Catholique de Louvain. Cours de  

"Géophysique interne: Application aux planètes et corps du système 
solaire" au niveau de Master-1. 15 heures par an. 
 
Détail du cours:  
Flux de chaleur de la Terre: Mesures et interprétations. Principes de 
Géologie et de Géophysique appliqués à Vénus. Géodésie planétaire: 
Données de poursuite Doppler de sondes et atterrisseurs dans le système 
solaire  - Calcul précis d'orbite de sondes - Reconstruction du mouvement 
propre des corps du système solaire - Détermination du champ de gravité 
et de la densité de la thermosphère par freinage atmosphérique du 
mouvement des orbiteurs. 

 
2016         : Enseignant à l'école d'été "Trajectoires planétaires et interplanétaires"  

organisée par le GRGS. Aussois, France, Septembre 2016. 
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Détail du cours: Mesures de poursuite interplanétaires - Analyse des 
orbites de sondes autour de Mars et de Vénus. 

 
2013         : Enseignant au workshop: Planet Mars 4. Les Houches, France. Octobre  

2013. 
 

Détail du cours: The origin of the Martian moons. 
 
2013         : Enseignant 3ème école d'été "Mars Advanced School in China" organisée  

par l'Agence Spatiale Européenne (ESA) et par le National Observatory 
Of China (NAOC). Pékin, Chine. Septembre 2013. 
 
Détail du cours: Origin and dynamics of early solar system - The 
topography and the gravity of the terrestrial planets - Mars' geodesy and 
gravity - The Martian moons: Origin and fate. 
 

3.6.2 Séminaires 
 
Mai 2019: "The formation of the Martian moons: Observation and model".   
                   Seminar given at IPGP Paris, Université Denis Diderot, Paris, France.  
 
Mai 2019: "Spacecraft orbit reconstruction: A tool to probe planetary interior from  
                   space".   
                   Seminar given at IPG Strasbourg, Strasbourg, France.  
 
Dec. 2018: "A giant collision to form Phobos and Deimos".   
                   Seminar given at the GODDARD Space Flight Center, Greenbelt, MD,  
                   USA.  
 
Nov. 2018: "La mission EnVision".   
                   Seminar given at Journée de l’OCA, Sofia-Antipolis, France.  
 
Juin 2018: "A giant collision scenario at the origin of the Martian moons".   
                   Seminar given at IMCCE/Observatoire de Paris, Paris, France.  
 
Mars 2018: "A giant collision scenario to form Phobos and Deimos".   
                   Seminar given at Université de Nice, Sophia-Antipolis, France.  
 
Nov. 2017: "Geodesy and ephemerides in the solar system: The role of VLBI".   
                   Seminar given at Université de Bordeaux, Bordeaux, France.  
 
Jan. 2017: "Space geodesy in the solar system: State of the art and future ideas".   
                   Seminar given at University of Bern, Bern, Switzerland.  
 
Sep. 2016: "The story of the moons of Mars". Seminar given at Université Libre de  

Bruxelles (ULB), Brussels, Belgium.  
 
Juin 2016: "Une nouvelle histoire des lunes de Mars". Seminar given at Laboratoire  
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de Planétologie et Géodynamique, Nantes University, Nantes, France. 
 
Mai 2016: "Expérience de géodésie dans le système solaire: Etat de l'art et futurs  

projets". Seminar given at SYRTE, Observatoire de Paris, Paris, France. 
 
Déc. 2015: "Spacecraft orbit reconstruction: A tool to probe planetary interior from  

space". Seminar given at IPG, Université Paris 7, Paris, France. 
 
Nov. 2015: "What can we say about the origin of the Martian moons (Phobos &  

Deimos)?". Seminar given at the NASA's GODDARD spaceflight center, 
Greenbelt, MD, USA. 

 
Mars 2015: "Precise orbit reconstruction of spacecraft from radio-tracking data: A  

tool to probe planetary interior and thermosphere". Seminar given at 
ESTEC/ESA, Noordwijk, The Netherlands. 

 
Mars 2015: "Precise orbit reconstruction of spacecraft from radio-tracking data: A  

tool to probe planetary interior". Seminar given at Laboratoire de 
Planétologie et Géodynamique, Nantes University, Nantes, France. 

 
Déc. 2014: "Probing Phobos’ interior with a geodetic experiment". Seminar given at  

DLR, Berlin, Germany. 
 
Oct. 2014: "Quelques aspects de l’exploration du système solaire à l’observatoire  

royal de Belgique". Seminar given at Rennes University, Rennes, France. 
 
Fév. 2014: "VLBI for planetary research". Seminar given at JIVE, Dwingeloo, The  

Netherlands. 
 
Déc. 2013: "How did the Martian moons form?". Seminar given at the department of  

Physics and Astronomy, KU Leuven, Leuven, Belgium. 
 
Avr. 2013: "The Martian moons: Origin and fate". Seminar given at Brown  

University, Providence, RI, USA. 
 
Fév. 2012: "What can space geodesy tell us about Mars and its moons". Seminar  

given at the Earth and Life Institute (ELI), Université catholique de 
Louvain, Louvain-la-Neuve, Belgium. 

 
Nov. 2008: "Accurate spacecraft orbit to determine tides, rotation and gravity field of  

planets". Seminar given at Institut de Mécanique Céleste et de Calcul des 
Ephémérides (IMCCE) / SYRTE / Observatoire de Paris, Paris, France. 

 
Mai 2008: "Accurate spacecraft orbit to determine tides, rotation and gravity field of  

planets". Seminar given at Observatoire de la Côte d’Azur, Grasse, 
France. 
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3.6.3 Conférence grand public et interview aux medias 
 
Juillet 2016: Interview à Radio Première (RTBF) sur l'origine des lunes de Mars. 
 
Jan. 2015: "Les lunes de Mars: Phobos et Deimos". 24 heures Basiliennes  

d'Astronomie 2015, Baisieux, France. 
 
Juin 2009: Interview à la télévision belge RTL-TVI au sujet de la mission LCROSS de  

la NASA. 
 
Mai 2004: "La planète Vénus". Liége, Belgique. 
 
Oct. 2003: "Vénus". Cercle Astronomique de Bruxelles, Bruxelles, Belgique. 
 
Déc. 2003: "Mars". Cercle Astronomique de Bruxelles, Bruxelles, Belgique. 
 

3.7 Autres expériences professionnelles 
 
Oct. 2017-Mai 2018: Ingénieur dans la societé de service ACRI-ST. 
 
Mar. 1999-Fév. 2000: Ingénieur dans la societé de service Noveltis. 
 
Juin-Déc. 2000: Ingénieur au Bureau Gravimétrique International. 
 

3.8 Formation 
 
1991-1995: Thèse de doctorat, spécialité planétologie comparée: Hypsométrie  

comparée Terre/Vénus: Implications sur la géodynamique et la structure 
convective du manteau de Vénus. UPR234/GRGS/OMP, Université Paul 
Sabatier, Toulouse. 

 
1989-1990: DEA d'Astrophysique, Géophysique et Techniques Spatiales, Université  

Paul Sabatier, Toulouse. 
 
1984-1989: DEUG, licence et Maîtrise de Physique fondamentale et appliquée,  

Université Paul Sabatier, Toulouse.  
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