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; Magnetic field generation mechanism
Important role in the developmentand
subsequent tests of general relativity

Weak field but not so weak

7htt;‘)ls://messenger.jhua pl.edu/Resources/Flyby-Information.html



MERCURY

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

«Change the laws»
S
«Add bodies»

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

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



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
|dea of a solar probe («Shoot an arrow to the
Sun»...)

Contributed with Mario Grossi to the
development of tethered satellites
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BARICENTRIC PPN EQUATIONS OF MOTION
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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.

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

Doppler shift

DSS-14 — 70m — Goldstone, CA

JPL

* Very complex system (both ground and space segment)

e 24 hr coverage (DSN)

* Observables: range, sub-m precision; range-rate, ~ 10 ms™ precision
* POD: sub-m (depends on model choices)



TRACKING — RADIOMETRIC

Table 3-3. Radiometric measurement system error characteristics.

Magnitude
_ 3 Error Source ﬁ
Microwave signals are exchanged between XBand X Band
ground stations and an on-board transponder. oo o s 60 e T
By very precise frequency standards, range and Insmmnt biss ange) o
range-rate can be derived. a1 o
Spin radius 100 em 10 ¢m
Longitude 100 cm 10 ¢m
In practice, the total phase change is Earth csutation Hem  3em
: {after the fact)
measured. The Doppler count provides Troposphere
Lem 1as
a measure of range change during Lincofsigh fucution
tover 10 min at 15-deg elevation)
integration time T.. e above 104ee)

Solar plasma
20-deg Sun-Earth-probe angle
. Total line of sight
Doppler shift Drift over 8 h
Station-differenced
180-deg Sun-Earth-probe angle
Total line of sight
Drift over 8 h
Station-differenced
Station clock

Epoch
* Very complex system (both ground and space segment) B -
* 24 hr coverage (DSN) -
* Observables: range, sub-m precision; range-rate, ~ 10~ ms™! precision Tornton+Border 2000

* POD: sub-m (depends on model choices)



TRACKING — RADIOMETRIC

DE5-24 [55-25 DSS-26 nEs.54 NEg.gs

Fdm (BWG-1) FMm(BWG-2)  3m(BWG-3) - 3dm {BWG-1) 3dm (BWG-2)

DE5-63

Tim
Signal Processing Signal Processing
Center SPC-10 : Center SPC-60

[=) [¥55-13
DSS-15 Gpg mITRED) DSS -5
'1-1m HEF o 34m (HEF)

CTT 22
Compatibility
Test Trailer

" N _ MIL-71
“ KSC Launch
Support Facility

JPL, Monrovia JPL, Pasadena
Remote Operations Center Deep Space Operations Center
(ROC), DTF-21 (DSOC)

DSN Facilities 2014

[E5-34
FdmBWG-1)

DE5-45

34m {HEF)




/

GRAVITATION AS PROBE OF PLANETARY INTERIORS

Free-air gravity anomaly and
crustal thickness'on Mercury
from gravity field HgM008
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Genova+2021 =1 m=0



GRAVITATION AS PROBE OF PLANETARY INTERIORS

Evidence is accumulating on
the existence of an outer
molten core of Mercury,
consistent with the presence of
a weak global magnetic field

Genova+2021



SOLAR SYSTEM EPHEMERIDES

Type of data

Messenger
Chut from SC*
ry Mariner

Wenus Vex
Mars

Mars Mex
Mars MGS
Mars Ody
Mars Path
Mars Vkg
Jupiter
Jupiter O
Jupiter Optical
Jupiter fiybys
Jupiter fyb

Saturne Optical
Saturne VLBI Cass

Uranus Optical
Uranus fiybys

Meptune Optical
Neptune Optical
Meptune fly
Meptune fiy
MNeptune fl

Pluto Optical
Pluto Optical
Pluto

Pluto O
Pluto HST
Pluto HST
Venus Vex ™
Mars Mex
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GINS range [m]
Tl [m]
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Verma+ 2008

INPOP13a: a recent ephemeris fit with a number of Solar
System data, including MESSENGER tracking
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. Gr'avity High-fidelity determination of static gravity field and gravitational tidal response (Love number k)

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, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020



BEPICOLOMBO — MORE SCIENCE GOALS —

Gravity and rotation

e 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 k,, which, in
combination with the Love number h, 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 C,
and C,,, the librations and pole obliquity to better characterize the deep interior

Milani+2001, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020
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01, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020
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Amplitude of the forced librations in longitude

Milani+2001, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020
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C,, Stokes coefficient |

Amplitude of the forced librations in longitude

01, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020
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§ | | Obliquity of the rotation axis (Cassini state) 3

C,, Stokes coefficient | j

Amplitude of the forced librations in longitude

Milani+2001, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 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~ 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 x 107>

* Test the isotropy of space and preferred frame effects

* Determine dynamically the gravitational oblateness of the Sun (C,,) to better than 108

» 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, lafolla+Nozzoli 2001, Milani+ 2002, lafolla+ 2010,
less+ 2021, Genova+ 2021, Santoli+ 2020



CLASSICAL TESTS

R GMg . (4nr,
Round trip time: At =2(1 +7y) = 1n< = ) g
é‘_
Av  dAt GMg db i
Frequency shift of photons: — = —2(1+ O
N ; v SN

10

Time (days from 2002 solar conjunction)

Bertotti+ 2003

Best result from Cassini: =1+ (2.1 +2.3) x 107>



CLASSICAL TESTS

Astrometric VLBI 2004
v - 1=4x 104

General
Relativity
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General
Relativity
09998
0.9998 1.0000 1.0002

Nonlinearity

0.998

0998 0999 1.000 1.001 1.002

Nonlinearity

Turyshev 2008



BEPICOLOMBO — EXPECTED IMPROVEMENTS

Table 4: Current limits on the PPN parameters. 21 Page320f39 L. less etal.

Table 5 Comparison of expected accuracies in PPN parameters, gravitational parameter of the sun, relative
time dervative of the Newtonian gravitational constant, and Compton wavelength of the graviton, using
different assumptions in the analysis (see text). (From De Marchi and Cascioli 2020)

Parameter Effect Limit Remarks

=1 time delay LI I [ I Cassini tracking Noaikial fitiion Biotsided ailasion
light deflection = 10 YLEI Imperi etal. Imperi etal. De Marchi and Cascioli
| yerihelion shift w107 Jas = (224 0.1) = 1077
' E s 2o = ) 1.1x10~6 6.6 x10~7 1.0 x 106
Nordtvedt effect R R ()] iy = 48 — 4 — 3 assumeed 1.0 x 10-6 4.5 x10~7 17 % 10-5

spin precession o [ millisecond pulsars 5.5x10710 1.37 x1079 28 x 1079
orbital polarization 10 Lunar laser ranging 3.0x1076 1.36 x 10~ 69 x 1075
x 107 PSR JL738+0333 G110 12 aAuw |
13x10 4.6 x10 6.7 x 10
spin precession = 107 millisecond pulsars 053 0.015 0.08
pulsar acceleration * 10 pulsar P statistics 2.8 x10714 32 x10713 92 x 10713
% 10 combined PPN bounds = = L1 x 1014
binary acceleration 4w 107 ff*,, for PSKE 1913 +16

Mewton’s drd law 10 lunar acoeleration

not independent [see Eq. (73)] ; Kowta A, =125 x10°
: | — MESSENGER uacertainty (HgMOOS) |
w1 yuar missien formal uncenainty
2 yeors mesion formal uncertainty

Will 2014 E 107

£ 10

1w0*

10}

-3
1075 FT)

Degree ¢
Fig. 9 MORE estimate of gravity field in terms of power associated with degree 1. The formal emror spectrum

is reported for both the nominal and the extended mission. Dotted lines give the error spectrum when the
Kaula regularization is not used. (From Imperi et al. 2018)

less+ 2021
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ON THE WAY TO MERCURY

Class. Quantum Grav. 34 (2017} 075002 L Impen and L less %A

Rudaki

Venus
Mercury
Launch
Earth flyby
Vanus

Me ;
Arrival

Rudaki Plains

w
E
i
e
R=
e
=
=
w

Calvino

ﬁ- 104
X Ecliptic Frame [km =10

Figure 2. The cruise phase of BepiColombo, projected on the Ecliptic plane.

Imperi+less 2017

4 1 October 2021
North BepiColombo, Monitoring Camera #2 23:44:12 UTC

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



Net Resultant Acceleration

caused by gra\ni‘

GraVIty (|deaIIy') acts on the sensmg o o AT
- mass and the satellite structure

with the same acceleration i NE

All other don’t

BepiColombo ISA Science Team
(Carmelo Magnafico)



ITALIAN SPRING ACCELEROMETER

ISA oscillator parameters:

ISA thermal stability:

\VEISS
Resonance frequency

Mechanical quality factor

200 g
3.9Hz
10

Sensor thermal sensitivity 5x107 m/s?/°C
Electronic thermal sensitivity 1x10®  m/s?/°C

Active thermal control attenuation 700

ISA performance:

Measurement bandwidth
Intrinsic noise
Measurement accuracy
Dynamics

A/D converter saturation

3 x 10— — 1 x5O uFiE
1x10° m/s2\Hz
1% 10-2 " uiiE=
300 x 108 m/s?
3000 x 108 m/s?

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 /NHz
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BepiColombo ISA Science Team
(Carmelo Magnafico)
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ITALIAN SPRING ACCELEROMETER

Sample data taken during
instrument commissioning

[
——X Acceleration

—Y Acceleration

7 Aceeleration

| | '
12:00 13:12 424 16:48
time

Fig. 11 Time series of ISA acceleration measurements, taken on 19 August 2019, from 10:25:00 to 18:25:00

BepiColombo ISA Science Team, Santoli+ 2020



ITALIAN SPRING ACCELEROMETER

Sample data taken during
instrument commissioning

[
m ——X Acceleration

—Y Acceleration

7 Aceeleration

12:00 13:12
time

Fig. 11 Time series of ISA acceleration measurements, taken on 19 August 2019, from 10:25:00 to 18:25:00

BepiColombo ISA Science Team, Santoli+ 2020



ITALIAN SPRING ACCELEROMETER

Sample data taken during
instrument commissioning

103 101 10-3 102 101 100
Frequency [Hz]

Fig. 13 ISA Normalised PSD for accelerometer 1 (ISA Y) on 19 August 2019, from 10:25:00 to 18:25:00

BepiColombo ISA Science Team, Santoli+ 2020




ITALIAN SPRING ACCELEROMETER

Sample data taken during
instrument commissioning
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Fig. 14 ISA spectrogram for accelerometer 1 (ISA Y) on 19 August 2019, from 10:25:00 to 18:25:00. Note
the signatures of the four reaction wheels from 14:35:00 to 16:27:00

BepiColombo ISA Science Team, Santoli+ 2020




ITALIAN SPRING ACCELEROMETER

Sample data taken during
instrument commissioning
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Fig. 14 ISA spectrogram for accelerometer 1 (ISA Y) on 19 August 2019, from 10:25:00 to 18:25:00. Note
the signatures of the four reaction wheels from 14:35:00 to 16:27:00

BepiColombo ISA Science Team, Santoli+ 2020




WIDENING THE SIGHT...

Tpm 1mm 1AL 1 kAL 1 kpe 1 Mpc

How well do we know gravity at various scales?

Mot Well Reasonably well tested Mo precise data Poorly tested Poorly tested
tested tested - Pioneer anomaly? - Dark matter? - Dark enengy?

Theories that predict deviations from general relativity

Alternative theories of gravity: Modified gravity,
MOND regime? MOMND regime, f(R) gravity, branes,
TeVes, 5TVG DGP, strings

ce-based experiments Astronomy  Astrophysics Cosmology
Controlled experiments Astronomical observations

Techniques available to explore gravity on variousscales

Cosmology missions,
experiments, LLR, Ongoing space Precision spectroscopy, CME research,
cold atoms GPS exploration efforts galaxy surveys, pulsars gravity waves

Tpm 1 mm 1 mAL 1AU 1 kAU 1kpe 1 Mpe 1Gpe CMB

Distance scales (notional), R

Turyshev 2008






