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BEPICOLOMBO

Launched on 20 October 2018



MERCURY

https://messenger.jhuapl.edu/Resources/Flyby-Information.html

Planet Mercury seen in the first of the 
three flybys of the MESSENGER probe

• Innermost planet in the Solar System 
Difficult to reach

• Harsh environment
Difficult to stay

• Key for Solar System formation and evolution
scenarios

Internal structure and composition, thermal 
evolution

• Unexpected magnetosphere
Magnetic field generation mechanism

• Important role in the development and 
subsequent tests of general relativity

Weak field but not so weak



MERCURY

https://commons.wikimedia.org/wiki/File:Urbain_Le_Verrier.jpg#/media/Fichier:Urbain_Le_Verrier.jpg

The very famous 43’’/century excess perihelion precession 
appears not to be directly explainable by classical celestial 
mechanics

«Change the laws»
vs

«Add bodies»

A very familiar situation (think to the so-called dark matter, 
dark energy...)



GIUSEPPE COLOMBO

• Found and explored with Irwin Shapiro the 
peculiar 3:2 resonance between revolution and 
rotation periods of Mercury

• Contributed in a crucial way to Mariner 10 
trajectory design

• Contributed to the Giotto probe development
• Idea of a solar probe («Shoot an arrow to the 

Sun»...)
• Contributed with Mario Grossi to the 

development of tethered satellites
• ...



MERCURY EXPLORATION

https://solarsystem.nasa.gov/missions
https://sci.esa.int



BARICENTRIC PPN EQUATIONS OF MOTION

Moyer 2000



TEST MASS

• No electric charge
• Gravitational binding energy negligible with respect to rest mass-energy
• Angular momentum negligible
• Sufficiently small to neglect tidal effects



TRACKING – RADIOMETRIC

Microwave signals are exchanged between
ground stations and an on-board transponder.
By very precise frequency standards, range and
range-rate can be derived.

• Very complex system (both ground and space segment)
• 24 hr coverage (DSN)
• Observables: range, sub-m precision; range-rate,  10-5 ms-1 precision
• POD: sub-m (depends on model choices)

JPL

𝑓R = 1 −
ሶ𝜌

𝑐
𝑓T

Doppler shift

In practice, the total phase change is
measured. The Doppler count provides
a measure of range change during
integration time Tc.
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TRACKING – RADIOMETRIC



GRAVITATION AS PROBE OF PLANETARY INTERIORS

Genova+2021
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Free‐air gravity anomaly and 

crustal thickness on Mercury 

from gravity field HgM008



GRAVITATION AS PROBE OF PLANETARY INTERIORS

Genova+2021

Evidence is accumulating on 

the existence of an outer 

molten core of Mercury, 

consistent with the presence of 

a weak global magnetic field



SOLAR SYSTEM EPHEMERIDES

Verma+ 2008

INPOP13a: a recent ephemeris fit with a number of Solar 
System data, including MESSENGER tracking



BEPICOLOMBO – MORE SCIENCE GOALS

The Mercury Orbiter Radio Science Experiment
(MORE) uses the BepiColombo radiometric tracking 
measurements from ground antennas to precisely 
locate (position and velocity) the spacecraft and 
obtain informations on the gravitational dynamics 
environment

Involved instruments:

• Ka-band transponder
• Star Tracker
• High-resolution camera
• Accelerometer

• Gravity High-fidelity determination of static gravity field and gravitational tidal response (Love number 𝑘2) 
of Mercury

• Rotation Estimation of Mercury’s rotational state (pole orientation, spin rate, amplitude and phase of 
physical librations in longitude)

• Fundamental physics Test different aspects of general relativity through a precise determination of several 
parameterized post-Newtonian parameters

Milani+ 2001, Iafolla+Nozzoli 2001, Milani+ 2002, Iafolla+ 2010, 
Iess+ 2021, Genova+ 2021, Santoli+ 2020



BEPICOLOMBO – MORE SCIENCE GOALS

Gravity and rotation

• Static gravity field to maximum degree and order 45 (or 35 when Kaula regularization is not 
used) to constrain the properties of the crust and the lithosphere, accounting for Mercury’s 
internal loading

• Subsurface properties of Mercury to infer the internal heat flow at different epochs
• Tidal variations of the gravity field through the estimation of the Love number 𝑘2, which, in 

combination with the Love number ℎ2 and the measurements of the rotational state, allows 
determining the state and dimension of the liquid outer core and the solid inner core

• Principal moments of inertia of Mercury by estimating the low degree gravity coefficients 𝐶20
and 𝐶22, the librations and pole obliquity to better characterize the deep interior

Milani+ 2001, Iafolla+Nozzoli 2001, Milani+ 2002, Iafolla+ 2010, 
Iess+ 2021, Genova+ 2021, Santoli+ 2020



BEPICOLOMBO – MORE SCIENCE GOALS

Gravity and rotation
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𝐶22 Stokes coefficient

Obliquity of the rotation axis (Cassini state)

Milani+ 2001, Iafolla+Nozzoli 2001, Milani+ 2002, Iafolla+ 2010, 
Iess+ 2021, Genova+ 2021, Santoli+ 2020



BEPICOLOMBO – MORE SCIENCE GOALS

Fundamental Physics

• Test general relativity and alternative theories of gravitation to a level better than 10−5 by 
measuring the time delay and Doppler shift of radio waves, and the precession of Mercury’s 
perihelion

• Test the strong equivalence principle to a level better than 4 × 10−5

• Test the isotropy of space and preferred frame effects
• Determine dynamically the gravitational oblateness of the Sun (𝐶20) to better than 10−8

• Set improved upper limits to the time variation of the gravitational “constant” 𝑮
• Set upper limits to the Compton wavelength of the graviton

Milani+ 2001, Iafolla+Nozzoli 2001, Milani+ 2002, Iafolla+ 2010, 
Iess+ 2021, Genova+ 2021, Santoli+ 2020



CLASSICAL TESTS

Bertotti+ 2003
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CLASSICAL TESTS

Turyshev 2008



BEPICOLOMBO – EXPECTED IMPROVEMENTS

Iess+ 2021

Will 2014
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ON THE WAY TO MERCURY

https://www.esa.int/ESA_Multimedia/Images/2021/10/Hello_Mercury_annotated

Imperi+Iess 2017



ACCELERATION MEASUREMENTS

Gravity (ideally!) acts on the sensing 

mass and the satellite structure

with the same acceleration

All other NGA (S) don’t

ISA (ideally!) measures only 

what is not caused by gravity

BepiColombo ISA Science Team
(Carmelo Magnafico)



ITALIAN SPRING ACCELEROMETER

ISA oscillator parameters:

Mass 200 g

Resonance frequency 3.9 Hz

Mechanical quality factor 10

ISA performance:

Measurement bandwidth 3 x 10−5 – 1x 10−1 Hz

Intrinsic noise 1 x 10−9 m/s2/Hz

Measurement accuracy 1 x 10−8 m/s2

Dynamics 300 x 10−8 m/s2

A/D converter saturation 3000 x 10−8 m/s2

ISA thermal stability:

Sensor thermal sensitivity 5 x10−7 m/s2/°C

Electronic thermal sensitivity 1 x10−8 m/s2/°C

Active thermal control attenuation 700

Temperature variations:

Mercury half sidereal period (44 days) 25°C peak-to-peak

MPO orbital period (2.325 h) 4°C peak-to-peak

Random noise 10°C /Hz



ITALIAN SPRING ACCELEROMETER

BepiColombo ISA Science Team
(Carmelo Magnafico)



ITALIAN SPRING ACCELEROMETER

ISA «first light»

RP, picture taken @ESOC, Darmstadt



ITALIAN SPRING ACCELEROMETER

BepiColombo ISA Science Team, Santoli+ 2020

Sample data taken during 
instrument commissioning
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WIDENING THE SIGHT...

Turyshev 2008



Thank you for 
your attention


