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| ntroduction

Mars has two moons: Phobos and Deimos. They wepodered by Asaph Hall in 1877, while
astronomers thought that Mars had no satelliteh Batons have asteroid shape, but their originills st
a mystery. Have they been formed in the vicinityars, or formed elsewhere in the solar system and
then captured when flying by the planet?

Phobos's study is a particular priority of the &mded” mission of Mars Express. This mission
starts in December 2003 and should stop in 200@a#t possible to extend it, so that one can learn
more about Phobos, and, by this way, about Mars.

The various probes that have succeeded and areorffiting today around Mars or will be
orbiting around Mars have the objective to studypitoperties in general, its atmosphere, its seyfids
internal composition and the interaction with tiderplanetary environment. This will allow in the
long-term to better understand the formation precgglanets, their evolution and the solar sysésm
a whole.

Exploration of Mars began in 1960 with the launéta d&russian orbitefarsnick 1. The United
States followed in 1964 witMariner 4, which transmitted the first images of Mars. Frtmat time,
Soviet and U.S. have succeeded in implementing mesgarch projects on this planet. If failures were
numerous, other missions have been a great sudtesswe, among other things, the first maps of
Mars with Mariner 9 mission (launch in 1971) ardking (launching two probe¥iking 1 and2 in
1975). Another success is thars Pathfinder (1996), probe of 259 pounds with a small automatic
rover "Sojourner”, which analyzed and photograpthedMartian soil near the landing site.

The Mars Global Surveyor (MGS) orbiter has operated between 1996 and 20@8s Odyssey
and Mars Reconnaissance Orbiter (MRO) still provide a wealth of impressive datallstinder
interpretation. To these two U.S. orbiters a Euamperbiter, Mars Express, has been added in orbit
around Mars since December 25, 2003.

In the past, the/iking orbiters1 and 2 came close for a short time to Phobos and Deimos,
providing the first photographs of the surface ledse two moons. Two Soviet probes had a specific
mission to approach Phobd2hobos 1 andPhobos 2 (launches in July 1988Phobos 2 provided new
photos of Phobos while contact was lost wethobos 1 before his arrival near Mars. Today only the
Mars Express probe allows us to get close to Phobos, so agitinue collecting data of this small
solar system body.



Why study the moons of Mars?

Main characteristics

Phobos has the look and shape of an asteroid2iize21.6 x 18.8 kil which corresponds to a
mean radius of 11 km. Its surface is very dark laasl craters of different sizes. The largest, Sagkn
(diameter of 10 km) probably created at the impa&distribution of mass within Phobos.

Deimos is slightly smaller than Phobos (15 x 1222%n?), but it looks like an asteroid as well.

The Viking missions and especialRhobos 2 were used to make spectrum measurements of
sunlight reflected from the surface of these twmn® Scientists have found that these spectra showe
similarities with the spectra of the surfaces ahsoasteroids. However, these spectral measurements
are not decisive enough to give the exact compwositf the surface of Phobos and Deimos (and by
extrapolation of their interior). It's not excludédat the material of these two moons is closeth&
rocks constituting the surface of Mars.

Image of Phobos taken by Mars Express (ESA)

The two moons of Mars orbit on a circular trajegtar the equatorial plane of Mars, but at
different distances: Phobos is located at 5978rdam fthe surface while Deimos is farther away (20059
km). In the solar system, no planet has natutallga as close Phobos is to Mars.



Phobos is the closest; it makes a complete rewnwround Mars in 7 hours 39 minutes and
Deimos, in 30 hours 18 minutes.

Mars, its two moons and Mars Express

The trajectories of Phobos and Deimos depend ogrthatational field of Mars. This field may
take different values depending on the locationvabihe surface, and varies over time. The most
important time-variations are the seasonal oneausscthe values of the gravitational field depemd o
the proportion of C@in the atmosphere and condensed in the polar édpsut a quarter of the
atmosphere is involved in this seasonal cycle bfisiation and condensation of GO

We observe also diurnal, semi-diurnal and longqukci variations in the trajectory of both
moons; these variations are caused by the tidascawd by the Sun. Like Earth, Mars is slightly
deformed due to the gravitational attraction of $um. These deformations cause a slight redisioibbut
of mass within Mars, which, in turn, slightly akethe gravitational field of the planet, and
consequently the orbit of the moons. This affeegigularly the long-term evolution of these orbits
particular, it has been calculated that Phobopsaaching Mars at about 20 meters per century and
that it should, in about 40 million years, crashtbe Martian surface or break under the effecthef t
tidal forces before reaching the surface. Conver&aimos slowly moves away from Mars at a rate of
2 millimeters per year, as the Moon moves away fEarth at a rate of 3 centimeters per year

Scientific goals of the radio-science experiment

The main purpose of the study of Phobos by theunsnt of radio-science on boakdlars
Expressis precisely to determine its mass and later taesndlistribution in its interior.

The Viking andPhobos 2 orbiters were able to determine for the first tithe mass of Phobos,
when measuring the deflection of the trajectoryesigmced by the probes during passages near Phobos
(flybys). Approximately 17 flybys close to Phobosre made, with a distance between the probes and
Phobos between 100 and 300 km. Such passage stég Ia minutes. A single flyby near Deimos has
been achieved at a distance of only 30 Whars Express is currently the only spacecraft in orbit
around Mars capable of flybys close to Phobos.

Since theViking or Phobos 2 missions, the technology has advanced and the IBophift
measurements provided Ibjyars Express are ten times more accurate than those realizetthdoypld



space probes. It is therefore possible to get &%t imeasurements ever made for the determination of
the mass of Phobos especially whenNtaes Express probe flies by at close distance to the moon.

Besides the determination of the mass of Phobegyrbcise determination of its volume is also
an objective of Mars Express. The calculation & #Wolume of this body needs to know the precise
shape. The stereoscopic camera aboard Mars Expregsles and will provide 3D images of the
Phobos surface with a resolution better than egfarb.

The combination of data from the experience of gatience MaRS (Mars Radio-Science
experiment) for the mass and from the stereoscopmera for the volume will allow accurately
calculation of the mean density of Phobos. Thissdgns presently estimated at 1.85 g /cm3 with an
accuracy of 3.2%, which is much less dense thamdtie surface in Mars (estimated between 2.7 and
3.3 g/cm). The average density of Deimos is estimated&f §./cni with an accuracy of only 17 %.
These low densities are close to those of someocidsein the solar system and favor the hypothesis
that Phobos and Deimos are asteroids capturedebgrétvitational attraction of Mars and therefore di
not form near Mars.

However, the accuracy with which the average demdiPhobos is known does not allow us to
identify precisely where these asteroids come frorthe solar system. In alternative, the low degnsit
of Phobos and Deimos may also be explained byrésepce of light elements within the body such as
water ice or empty spaces between the blocks oénmmbtwhich form the body. Thus, Phobos and
Deimos like some asteroids could consist of anegae (rubble pile) of material and not a monolith
of rock and ice mixed. New more accurate data fMars Express will provide further evidence to
clarify this issue.

By compiling as much information on Phobos, sc&atican try to determine its origin, and
what was its evolution. If Phobos has a certainstkip with the asteroids (from its density, its
mineralogical composition ...), scientists will bble to deepen the study of asteroids through the
moons of Mars.

Indirectly, information about the interior of Maould be gathered in parallel since the
trajectory of Phobos depends on the gravitatioedd bf Mars.



Why M ars Express?

Overview

Mars Express is the first ESA mission to the red planet. Iaiso the first European mission to
any planet. First "flexible-missioh'in the scientific program of ESA, it was develogada record
time: it took only 5 years from concept to launghking technology from th#&lars-96 missions and
ESA's Rosetta, Mars Express will, once the data will all be collected and pgesed, answer to
fundamental questions asked about the geology o6 Mi® atmosphere, its environment, its surface,
the history of water and possible life on Mars.

It should be noted that there is close collaboralietween the various ongoing missions around
Mars. The various instruments on the spacecraftigeodifferent measurements, which complement
each other.

The Mars Express mission was scheduled for a nominal duration o0b tyears, which
corresponds to one Martian year (or 687 Earth ddl) due to the quality of the initial results, &£S
has decided to extend the mission (probably ufti.

Representation of Mars pr&ss around Mars

1 Flexible-mission: mission relatively cheap anplidéy designed and constructed.



Particularities with respect to the other probes

Three NASA probes are or have recently been int @imund MarsMars Global Surveyor
(MGS) (until 2006), Mars Odyssey (ODY) and Mars Reconnaissance Orbiter (MRO). The orbiter
ODY andMGS have both helped to determine the masses of Plasttb®eimos, but with an accuracy
less than the precision obtained by Wi&ing flybys and by the analysis of the trajectoryMérs
Express (for the mass of Phobos).

These three NASA probes have a near-polar andameaitar orbit around Mars at an altitude
of 400 km forMGS andODY and 285 km foMRO. The orbit ofMars Express is also near-polar but
is much more elongated than those of the NASA mpobavering altitudes between 250 and 11 000 km
for each revolution of the spacecraft around Ma@hais, the trajectory dflars Express feels more the
attraction from the mass of Phobos, allowing a momecise estimation of this mass. The Royal
Observatory of Belgium team has already dealt Witrears of radio-science data frdvars Express
and has determined the mass of Phobos with accettgr than that obtained with the prob&&S
andMars Odyssey.

The trajectory ofMars Express also offers the opportunity to fly by Phobos atywshort
distances (as close as 50 km). Until nd@ars Express has provided images at very high resolution of
Phobos during these close flybys. Recently, dutirggclose flybys in June 2006 and July 2008, the
European probe has provided measurements of chanfresjuency (Doppler effect) of the radio-link
between the Earth arMars Express, thus allowing the best determination of the nad8hobos ever
made before.

Scientific instruments

Of the 7 instruments on boakdiars Express the following are used for the study of Phobos:

Radio-science (radio link between the orbiterand the Earth (MaRS, Mars Radio-Science
experiment)) is based on the radio signal betwéenptobe and the Earth, sent from the Earth and
observe with large antennas such as the one loeatiddw Norcia (near Perth, Australia), or those of
the U.S. network (DSN for Deep Space Network) ledah Madrid (Spain), Goldstone (California)
and Canberra (Australia). This network of antenisassed to monitor the probes in orbit around the
planets of the solar system. Measurements of Dogpiéts are used to reconstruct the trajectorthef
probe in order to plan the mission (navigation)t@rdetermine geophysical parameters such as the
gravity field of Mars. The Royal Observatory of Bieim participates in this experiment, for more
details, see below.

2 Orbiter: space probe that studies a planet atadlise orbiting around it, as opposed to a larttiat is deposited on the
surface.



The high-resolution camera (High Resolution Stereo Camera HRSC) takes imag&hobos
in three dimensions with a resolution of 10 metérsfers, among other information, the volume of
Phobos.

Infrared spectrometer (OMEGA): this instrument provides a mapping of the miraygl of
Phobos from measurements of sunlight reflected hibBs in different “colors” or spectral bands. It
has already been established that the spectruhe aurface of Phobos is different in each hemispher
suggesting that the composition of surface rockegdrom one hemisphere to the other.

The MARSIS instrument is a radar / altimeter. It sends radio-waves todes that can
penetrate to a depth of 5 km. As soon as a refedéiyer is reached, ice for example, the waves are
reflected and the scientists can determine how ttegpayer is located in the interior of Phobos.

Radio antenna for space probes from Earth (copyright NASA)



Belgian participation tothe Mars Express Mission

The Royal Observatory of Belgium (ROB) is involvedthe processing of the radio-science
experience, MaRS (Mars Radio-Science experimanmijnprove the knowledge of the gravity field of
Mars, its atmosphere and its interior as well ageti@rmine precisely the masses of the moons o Mar
and of Phobos, in particular.

The radio-science experience of Mars Express us@é® rsignals emitted/received at given
frequencies between the orbiter and the Earth sigreals emitted from the Earth (from stations ledat
precisely) to the orbiter are reflected by a tramsfer placed on board the orbiter. These radio signals
have a slightly different frequency when received Earth. Apart from the transponder ratio, the
measured frequency shifts are due to the relatisgom between the orbiter and the Earth, which
corresponds to the Doppler effect.

The measurements are used to reconstruct thettmjeaf the orbiter around Mars and thus to
deduce the exact position of the probe in spaceaetonstructing the orbit of the spacecraft, the
scientists from the Royal Observatory of Belgiuniedmine also the gravitational field at global,
regional and local scales of the planet Mars, gtemporal variations.

It will be possible to characterize the seasonalatians in the distribution of mass in the
atmosphere and polar caps. Indeed, the atmosphbftars is composed mainly of GQapproximately
95%). About a quarter of the total mass of the afhere solidifies by condensation in the polar caps
in winter. The reverse (GObecomes gas by sublimation) takes place in sumging rise to a
seasonal cycle.

The ROB uses as well these data to study the Nagravitational field and the associated
mass distribution in the subsurface of Mars, po#os and the internal structure of Mars.

In addition, changes in position of the probe cdusgthe tidal effects provide information on
the interior of Mars. The study of the trajectofyRhobos around Mars may also provide valuable
information on the interior of Mars because itsibib influenced by long-term deformation of Mars
and in particular the inelastic/viscous propertGeéMars.

The determination of the gravitational field of Bbs allows, among others, to better
understand the internal composition of Phobos amtd its origin.

Belgian Co-Investigators of MaRS: Prof. V. Dehant, Dr P. Rosenblatt
Principal Investigator MaRS: Prof. M. Patzold (Germany)

Belgian Scientist Team:

Prof. V. Dehant, Prof. T. Van Hoolst, Dr. M. Yselbo

Scientists under PRODEX contract awarded by theefeédScience Policy BELSPO strengthen the
team: Dr. M. Beuthe, Dr. O. Karatekin, Eng. S. Leistre, Dr. P. Rosenblatt.

3 Transponder: device that receives a radio sigmdlretransmits it in a coherent phase on the samigferent
frequencies



Recent Opportunities

As the mission has been extended until the endd@R z2and will be extended most probably
after 2010, more data about Mars and its moon Pheblb be collected. In particular, radio-science
data acquired during flybys at very close distarioeBhobos (100 km or less) will again help to ssse
for the first time the distribution of masses witH?*hobos through the determination of variations of
gravity at its surface. These data will provide iiddal evidence that will support more knowledge
about the origin and orbital evolution of Phobos.

The nearest opportunity is that of March 3, 201€xy\fecently, the "Flight Dynamics" team of
ESA has provided its latest predictions of the todbiMars Express Phobos flyby. Its predictions are
based on data received until yesterday from graiations tracking the spacecraft. These data were
acquired by the NASA Deep Space Network (DSN) atath Goldstone, California, and that of the
Deep Space Antenna (DSA) of ESA in New Norcia, fal&t. The predicted closest approach time to
Phobos remains unchanged at 20:55:40 UTC (21:55ud@me) on March 3, 2010, with a distance of
77 km from the center of Phobos. This implies tats Express will pass 66 km above the surface of
Phobos (which has an average radius of 11.1 km).

The scientists of ROB will quickly analyze thesaadt confirm that distance and deduce the
mass and mean moment of inertia of Phobos. Thay Wik be able to answer the question of the
origin of this little moon.



