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What is GETEMME ?

Gravity, Einstein’s Theory, and Exploration 
of the Martian Moons’ Environment

Heritage of space geodesy around the Earth

Heritage of radio-science experiments with probes

Heritage of how build an ephemeris

GETEMME = precise planetary geodesy in the martian system



Scientific motivations
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Go back to basics with Earth geodesy

lageos satellite

direct study of Earth 
gravitational field (static, 

dynamical)

Earth precession/
nutation

Tidal dissipation in 
Earth/Moon system



APOLLO + UW Eot-Wash Group, AAPT GR Labs Workshop, 2007

Lunar Laser Ranging Basics
2. Measure travel time to reflector and back

Lunar Laser Ranging and 
fundamental physics
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Verification of the Principle of Equivalence for Massive Bodies*

Irwin I. Shapiro and Charles C. Counselman, III
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Analysis of 1&89 measurements, accumulated between 1970 and 1974, of echo delays
of laser signals transmitted from Earth and reflected from cube corners on the Moon
shows gravitational binding energy to contribute equally to Earth s inertial and passive
gravitational masses to within the estimated uncertainty of 1.5k. The corresponding re-
striction on the Eddington-Robertson parameters is 4P —p- 3=—0.001+ 0.015. Combina-
tion with other results, as if independent, yields P=1.008+0.005 and y=1.008+0.008, in
accord with general relativity.

Verification of principle of total

And if inertial and gravitational masses 
are differents ?

Signal on orbital motion of the  Moon so test 
weak equivalence principle

But also:
• Test strong equivalence principle
• Variation of gravitation constant G

Now at centimer level...
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First look at planetary geodesy

The key idea is the precise 
monitoring of a probe's 

trajectory by using 
radio-science technique.

Navigation and Ancillary Information Facility 

N IF 

Using Frames 7 

Manipulators - 1 

Compute the angle between the direction to Earth and the MGS 
HGA boresight: 
      CALL SPKEZR( ‘EARTH’, ET, ‘MGS_HGA’, ‘LT+S’, ‘MGS’, EARTH_STATE, LT ) 
      ANGLE = VSEP( HGA_BORESIGHT, EARTH_STATE ) 

H G A 
f r a m e 

H G A   G i m b a l 
f r a m e 

S / C   F r a m e 

J 2 0 0 0   
F r a m e 

M G S 
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f r a m e 
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M G S   H G A 
o f f - p o i n t i n g   

a n g l e 

Required Kernels: 
• Generic LSK 
• Mission FK 
• Spacecraft SCLK 
• HGA IK 
• Structure 
Locations SPK 
• Planetary 
Ephemeris SPK 
• Spacecraft SPK 
• Spacecraft CK 
• HGA CK 

HGA = High Gain Antenna 

Navigation and Ancillary Information Facility 

N IF 

Using Frames 5 

Compute solar azimuth and elevation at the Huygens probe landing site  
CALL SPKPOS(‘SUN’,ET,‘HUYGENS_LOCAL_LEVEL’,‘LT+S’,‘HUYGENS_PROBE’,SUNVEC,LT) 
CALL RECLAT(SUNVEC, R, AZIMUTH, ELEVATION) 
ELEVATION = -ELEVATION 
IF (AZIMUTH .LT. 0.D0) THEN 
   AZIMUTH = AZIMUTH + TWOPI() 
ENDIF 

Angles at the Surface 

J 2 0 0 0   
F r a m e 

J 2 0 0 0   
F r a m e 

T i t a n ‘ s   I A U   
B o d y - f i x e d   

f r a m e 

L o c a l   L e v e l 
F r a m e   a t   t h e 

p r o b e   L a n d i n g   
S i t e 

S o l a r 
  A Z 

S o l a r   
E L S u n   D i r e c t i o n 

I n   L o c a l   L e v e l 
F r a m e 

T i t a n 

S u n 

S S B Required Kernels: 
• Generic LSK 
• Generic PCK 
• Mission FK 
• Planetary 
Ephemeris SPK 
• Satellite 
Ephemeris SPK 
• Landing Site SPK 

A lot of dynamical frames 
involved in this task

But at the end, with Doppler  
data of the probe...

you can do the orbit + some 
physical informations
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Mars as an example (MGS)

camera MOLA

TES

Radio science
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Radio-science instruments:
antenna, clock

planetary geodesy and relativity

Conjonction between Earth 
and Cassini, September 2003 Maximum of relativistic deflection

Nowadays best test of post-newtonian gravity
Bertotti et al. 2003, Nature, 425, 374
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So what we do now
natural	
  satellite

ephemerides

physical	
  parameters	
  
(mass,	
  J2...)

astrometric	
  data	
  base	
  
(ground,	
  HST)

physical	
  parameters	
  
(mass,	
  J2,	
  Tide...)

astrometric	
  
observa>ons

we	
  loose	
  
informa>ons

probe's	
  orbit
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And what would be useful to improve the situation ?
natural	
  satellite

ephemerides

physical	
  parameters	
  astrometric	
  data	
  base	
  
(ground,	
  HST)

global	
  inversion all	
  dynamical	
  infos	
  are

taken	
  into	
  account

probe's	
  orbit
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GETEMME: even we want to go beyond  

Normally, orbits of Mars probes have:
• inclination with respect to the plane of the Mars equator
• an eccentricity

A lot of desaturations => precise orbit = arc of some days 

Imagine now:
• equatorial circular orbit 
• onboard accelerometer, only radio-science experiments
• possibility to do some space metrology with the moons 
(determination of Moon-probe distance)
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And even we want to go beyond !

Normally, the orbits of Mars probes have:
• inclinaison with respect to the plane of the Mars equator
• an eccentricity

A lot of desaturations => precise orbit = arc of some days 

Imagine now:
• equatorial circular orbit 
• onboard accelerometer, only radio-science experiments
• possibility to do some space metrology with the moons 
(determination of Moon-probe distance)

longer arcs of orbit, you are free from 
planetary ephemerides errors

or... you can say that your moons can be 
seen as natural probes !
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Why the martian system ?

Phobos and Deimos are rocky satellites, you can put 
on them some reflectors

• Up to last November : complementary with Phobos Grunt 
• Exploration of Deimos

With the failure of Phobos Grunt, possibility to do a full 
experiment concerning the Martian moons

Phobos and Deimos have short orbital periods (7 and 30h):
• our Moon => roughly 1 month
• we are searching for secular precession (tide, relativity)

We need longer gravitational time for precession

30 yrs of LLR is roughly 413 orbits of the Moon
2yr of Phobos is 2500 orbits 
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GETEMME in technical words
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GETEMME Mission Scenario 

- Launch on Soyus Fregat

- Transfer to Mars with arrival 2 years after launch

- Deimos rendezvous, comprehensive mapping, and deployment 
of two Laser reflector stations

- Transfer to Phobos, mapping and deployment likewise…

- Transfer to final orbit (1500 km above Mars) and begin scientific 
Laser ranging campaign

Phobos

Deimos

Mars
46th ESLAB conference, June 2012



GETEMME Measurement Objectives

- Full characterization of Phobos and Deimos using imaging, altimetry, spectro-
photometry, and radio science

- Range measurements between S/C and Phobos / Deimos for 1 Martian year,      > 
100,000 shots each

- Asynchronous two-way range measurement from S/C to Earth  / from Earth to   S/C for 
1 Martian year, > 50,000 shots each

- Range measurement accuracy: meter- accuracy for single shots; centimeter-accuracy 
by normal point formation
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GETEMME Laser
- Three applications

- Range measurements to Phobos / Deimos reflectors,

- asynchroneous Earth-ranging, 

- classic altimetry 

- Heritage:  BELA (Bepi Colombo Laser Altimeter)
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GETEMME Reflector Stations

• 4  landers, 2 on each satellite near side (to allow measurements of librations)
• low touch-down velocity: < 10 m/s
• open cover after deployment
• battery power for few hrs after landing
• stay passively on the satellite surfaces for years …

Retroreflectors /
Heritage: Champ
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GETEMME Link Budgets

Photon link budget for 
different Phobos/Deimos 
reflector sizes

Phobos /
Deimos 
ranging 
schedule

Photon link budget for 
Earth ranging

Challenge:  delicate balance must be found between Laser power, reflector size, 
receiver size, Laser beam spreading, and Laser pointing accuracy
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GETEMME Pointing Requirements

• Laser operation characteristics
• Distance to Deimos: up to 20,000 km
• Laser spot size at Deimos: < 2 km

• Required beam divergence:  < 100 µrad  (BELA:  50 µrad)

• 100 µrad  ≈ 0.01°  (SRC pointing accuracy!)

• seems well feasible!

  
• Is it possible to track a target with this required 
accuracy?

• Spacecraft speed wrt Deimos: > 2 km/s
• Must accurately track target at 0.01° / s for ≈ 1 hour
• may be challenging!
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Scientific numbers as a conclusions

This new way of precise planetary geodesy will lead to

• Improve test of General Relativity by a factor 100 on pericenter 
precession

• Improve drastically our accuracy of Phobos and Deimos ephemerides

• Improve our knowledge of libration of Phobos and more generally of what 
we know about Martian moons
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Fig. 1 Post-fit residuals with/without temporal variations of Mars J2 (left) and with/without the Q5
Solar tidal bulge raised on Mars (right) over 2 years after fitting initial state vectors of GETEMME
S/C

2.1.1 Rotational motion 112

Phobos and Deimos are in synchronous spin-orbit resonances. Their rotational 113
motion is superposed by physical liberations, resulting from the interaction 114
of the gravitational field of Mars with the non-spherical shape of the moons 115
expressed in terms of their moment of inertia. More specifically, the pole 116
orientation is subject to a libration in latitude whereas the satellite’s long-axis 117
direction in the equatorial plane is affected by a libration in longitude. 118

Currently, only the librational amplitude in longitude is known [59], with 119
1.2◦ ± 0.15◦ corresponding to a displacement on the surface at the equator of 120
Phobos of approx 230 to 280 m. Owing to the small eccentricity of Deimos, the 121
main libration in longitude term is predicted at about 3.65 arcminutes, i.e. a 122
displacement of some 6.5 m at the equatorial surface, well above the detection 123
limit of GETEMME. Through careful analysis of these librational amplitudes 124
and frequencies (in longitude as well as in latitude) a host of geophysical 125
parameters may be determined or further constrained at high accuracy. For 126
example, the moments of inertia, higher harmonic (gravitational) coefficients 127
of the satellites, the impact of J2 of Mars, or dissipation inside the bodies (k2/Q, 128
h2, l2) can be derived in high precision as has been demonstrated for the Moon 129
[10, 57]. 130

t1.1Table 1 Example of the expected accuracy on few key physical parameters of the Mars system,
after considering 2 and 4 years of GETEMME data, respectively

t1.2Parameter 2 years 4 years Today accuracy

t1.3Temporal variations of J2 9.2 × 10−15 5.8 × 10−15 5 × 10−10

t1.4Secular variation of Mars J2 1.5 × 10−17 2.7 × 10−18 –
t1.5k2 (Solar tide) 2.0 × 10−6 9.9 × 10−7 1 × 10−2

t1.6k2 (Phobos tide) 4.0 × 10−5 2.0 × 10−5 –
t1.7k2 (Deimos tide) 1.8 × 10−3 8.5 × 10−4 –

t1.8Current precision are from Konopliv et al. [23]
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t2.1 Table 2 Example of the expected accuracy on Cnp gravity coefficients from both Phobos andQ6
Deimos related to the monitoring of spacecraft/satellite ranging only (not considering physical
librations or radio tracking during quasi-orbit phase)

t2.2 Parameter 2 years 4 years

t2.3 Phobos c20 1.5 × 10−5 5.4 × 10−6

t2.4 Phobos c21 3.0 × 10−7 2.1 × 10−7

t2.5 Phobos c22 2.6 × 10−6 9.0 × 10−7

t2.6 Deimos c20 1.5 × 10−3 5.3 × 10−4

t2.7 Deimos c21 3.2 × 10−6 1.2 × 10−6

t2.8 Deimos c22 2.5 × 10−4 9.0 × 10−5

A by-product of rotational fits is the determination of the obliquity, i.e. the131
angle between the spin axis and normal to the orbital plane. The dissipative132
process will carry the two satellites into a Cassini state corresponding to an133
equilibrium state of spin-orbit interaction. In this case, there is a relationship134
between obliquity and moment of inertia as illustrated in Fig. 2. Note that135
higher harmonics and dissipation will slightly shift the equilibrium position.136

A departure from the equilibrium position defined by the Cassini state will137
excite free librations that are proper modes of librations. The frequencies of138
these modes are directly related to the moment of inertia and are listed in139
Table 3. It is interesting to note that the proper frequencies for Phobos are140
close to forced libration frequencies that increase significantly the libration141
amplitude by resonance effects. The detection of free librations is a tantalizing142
hint on distribution of mass inside the body but also on dissipative processes143
and the dynamical history of the satellites (e.g. for the Moon, [41]).144

2.2 Dynamics of the Martian moons: relativity tests145

2.2.1 Determination of PPN parameter beta146

Ranging data, provided by GETEMME, will drastically lead to a major147
improvement of the Martian satellites’ ephemerides. At the centimeter level148

Fig. 2 Prediction of the
obliquity (as = arcseconds) of
Phobos (solid) and Deimos
(dotted) in the triaxial body
model as function of C/MR2

GETEMME mission 671

Deimos and GETEMME spacecraft, this CO2 cycle will be accurately measured. Annual and semi-annual
seasonal variations of low-degree harmonics as well as length of day variations will be greatly constrained (see
figure 2 - left). Estimated to be on the order of 10�11 yr�1, the secular variation of J2 will also be known with
an accuracy of 1.5⇥ 10�17 after two years of data. This e↵ect is observed on the Earth and has been attributed
to the relaxation of the mantle released from ice loads of the ice age. If detected on Mars, such e↵ect will bring
important information on the past climate of Mars, as well as on Mars interior. The quantification of Mars
nutation and Chandler wobble, with possible free core nutation (FCN) signal may provide strong input for the
interior modeling, including the size of the Martian core.

2.2 Relativity tests

Ranging data, provided by GETEMME, will also drastically lead to a major improvement of the Martian satel-
lites’ ephemerides (Lainey et al. 2007). At the centimeter level of accuracy, General Relativity has to be used to
describe correctly the motions of the two moons and the impact of curvature on the light propagation. By using
the first parameterized post-Newtonian (PPN) approximation of General Relativity (Will 1993), GETEMME
data can give new highlights on several of the ten PPN parameters, in particular PPN � which plays an impor-
tant role in the relativistic perihelion’s precession formula. Hence, when using the GETEMME ranging dataset
to build new precise ephemerides of Phobos and Deimos around Mars, one can measure with high precision their
periapsis precession. Then, a local determination of PPN beta can be performed and this result will improve
actual determination usualy obtained in the gravitational field of the Sun, e.g. by using planetary ephemerides
(Fienga et al. 2010).

Another relativistic e↵ect can be constraint by GETEMME ranging data. Indeed Lense-Thirring precession
is a relativistic correction to the precession of a gyroscope near a large rotating mass such as the Earth, i.e. a
gravitomagnetic frame-dragging e↵ect. It is a prediction of General Relativity consisting of secular precessions
of the longitude of the ascending node and the argument of pericenter of a test particle freely orbiting a central
spinning mass endowed with a specified angular momentum. This e↵ect have been detected by observing the
motion of geodetic LAGEOS satellite around the Earth at the level of 10�1 (Ciufolini & Pavlis 2004) and a
space project named LARES (Ciufolini et al., 2010) has been recently proposed to reach a determination at
the level of 10�2/�3. With GETEMME, we can detect this e↵ect because we are sensitive to this relativistic
precession of Phobos and Deimos orbits due to the rotation of Mars. As illustrated on figure 3, one can expect
a detection of this e↵ect at the level of accuracy of 10�4.

!Fig. 3. post-fit residuals with/without the Lense-Thirring e↵ect due to Mars rotation over 2 years after fitting initial

state vectors of GETEMME S/C.
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GETEMME
Gravity, Einstein’s Theory, and Exploration 

of the Martian Moons’ Environment

Thanks for your attention !


