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|| progetto G4S> 2.0

Gallileo for Scienee(G4S 2.0) e stato presentato ed e
risultato vincitore del cdBandointerno per la valutazionee
la selezionedi progetti di ricercae sviluppoAS| afferenti
al fondo indivisoassegnataal MIUR da selezionarecon
criteri di premialité€ (CFCOT2018085)

GAS 2.0 si propone di effettuare una serie di misure di

fisicadella gravitazioneper mezzodei satellitt GSAD201
e GSAD202 appartenentialla costellazioneGalileo FOC
(Full Operational Capability), sfruttando sial'eccentricita
delle loro orbite sial'accuratezzalegli orologi atomici di

bordo

The Galile@onstellationof 30spacecraft
(image credit: ESA)




|| progetto G4S> 2.0

Threeresearchcentersare involvedin this project

A Centerfor SpaceGeodesyASICG$in Matera

A lIstituto di Astrofisicae PlanetologisSpazial(IAPS/INAF
In Romaand OATO/INARN Torino

A PolitecnicoPOLITQin Torino

Highlevelgoalsof the project

A new measuremenbf the Gravitational Redshift

A measuremenbf the GeneralRelativity precession®n the orbits of the satellites
Constrainton Dark Matter

Realizgin areverseuse)a pure RelativisticPositioningSystem

Detectionof Gravitational Waveswith the GALILEGystem
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|| progetto G4S> 2.0

Threeresearchcentersare involvedin this project gs—-

A Centerfor SpaceGeodesyASICG$in Matera 3°, F

A lIstituto di Astrofisicae PlanetologiaSpazial(IAPS/INAF  asenzia spariale tatiana RS s
In Romaand OATO/INARN Torino

A PolitecnicoPOLITQin Torino

Otherfundamentalgoalsof the project

1. Todevelopnewandmore accuratemodelsfor the Non-Gravitational Perturbations
2. Todevelopanew Accelerometerconceptfor next generationof Galileo




ASI ha firmato questa mattina
|| progetto G4S 2. 25 Maggio 2021

TavoloNegoziale

Il Tavolo Negoziale fra ASI e INAFE per la definizione
RS{ t QlAfuaRodikGalileofor Scienee2.0, sie tenuto lo
scorso 8 Aprile in teleconferenza alla presenza del
CoordinatoreASIdel progetto, Dottor Francescd/espe

Riunioneinizialedel progetto

LaRiunionelnizialedel progetto sarafissatadopolafimaR S f f Q!AfuaRdtREArte del

Direttore Generaledi AS| Dottor FabrizioTosone,e del Direttore Generaledi INAF Dottor
GaetanoTelesio

Duratadel progetto

Laduratanominaledel progetto e di tre anni




Il Team:scientificoi di INAF-e/la WBS

Il Team scientifico di IARNAF

AdR1

AdR2

Simone Benedettiliecnico T
Diana MartellaTecnologo TP
Emiliano Fiorenza (Tecnico)
Carlo Lefevre (Tecnologo)
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10 Roberto Peron (Ricercatore)

11.Francesco Santoli (Primo Tecnologo)

12.Feliciana Sapio (Dottoranda)

13. Angelo Tartaglia (Professore in quiescenza: GINKFB)

14.Massimo Visco (Ricercatore)

FTE complessive: 11.1

Galileo for Science

G4

Galileo for Science

David Lucchesi (Primo Ricercatore)

Marco LucenteRicercatore TP

CarmeloMagnafico(Tecnologo)
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In G4S_2.@ coinvolto tutto iIGruppo Gravitazionalelello IAPSINAF




| Team: scientificoi di/INAF-e/la WBS ecf*s

15. Team Summary

15. Personale INAF coinvolto
Numero di partecipanti INAF al progetto: 10

Struttura Nfte NO Ti 21 TI 22 Tl 23 TD 21 TD 22 TD 23 Nex Extra

IAPS ROMA 9 1 1.20 1.85 1.80 0.00 1.00 1.00 1 0.10

Totali 9 1 1.20 1.85 1.80 0.00 1.00 1.00 1 0.10

16. Personale Associato INAF coinvolto

Numero di partecipanti Associati INAF: 4

#  Struttura T 2021 Tl 2022 T1 2023 TD 2021 TD 2022 TD 2023 Extra

1 OATO/INAF, Associato INAF presso |'Osservatorio di Torino 0 0 0 0.00 0.00 0.00 1.00

2 IAPS 0 0 0 0.50 0.50 0.50 0.00
Totali 0.00 0.00 0.00 0.50 0.50 0.50 1.00

FTE complessive: 11.1
FTE medie/anno: 3.7




Il Team:scientificoidi

Personale coinvolto nel WPBlanagement

1. Diana Martella

Personale coinvolto nel WPROD.NGP.Clocks

AdR1

AdR?2

Carlo Lefevre
David Lucchesi
Marco Lucente
CarmeloMagnafico
Roberto Peron
Feliciana Sapio
Angelo Tartaglia
10 Massimo Visco
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INAF-elawBs @ C4S

Personale coinvolto nel WP&RP-PPN

Galileo for Science
G4S_2.0

WP INAF
David Lucchesi ] Mana;gemem |
Marco Lucente W*’1| \ 2 W=

CarmeloMagnafico |

Roberto Peron I

Feliciana Sapio
\

4 Task.POD-1
Information Set-up GRS LT GFF

l
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R ” Aﬂg” ‘ Task.GR-P-1 Task GR-PPN-1
Arc Length PPN
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Angelo Tartaglia
Massimo Visco

NogohkwbdhE

Personale coinvolto nel WPACC.Devl.Req.Dev2

Simone Benedetti
Emiliano Fiorenza
Carlo Lefevre
David Lucchesi
Marco Lucente
Francesco Santoli

o0 A WNE




Il contestosscientifico e:techologich ©5? @ ©43

Il Gruppo Gravitazionaledello IAPSINAFvanta una lunga esperienzan alcunidei settori
chiavenecessarallo sviluppodel progetto A4S 2.0 e al raggiungimentalei suoiobiettivi.

In particolare

A Nello sviluppo di modelli perturbativi delle orbite di satelliti artificiali per forze:
A non-gravitazionali
A gravitazionali
A Nella determinazione orbitale di precisione per misure di fisica fondamentale
con dati diinseguimento laser (LAGEOS, LAGEOS I, LARES)
A Analisi dati (siamo u@eniro disAnalisi AssocialR S LRSS Q
A Sviluppo di accelerometri di elevata sensibilita per la misura di piccoli Bhoto b Fr s e s
spostamenti: Y - ' '
A Misure di accelerazioni negravitazional § §
A Misure geofisiche
A Misure di fisica fondamentale

ISA Bepicolombo
HAA JUICE
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Il contestosscientifico e:tecnologica.>” € ¥

[ QA Y LI2pNdE $A¥ dertla CEdegliaspettiscientificie tecnologicidei satelliti GNSer la

navigazione benillustrato nel documento(29 Gennaio2019):

H2020ESAD38
GNSEvolutionExperimentaPayloadsind Science

Activities¢ Callfor Ideas
Statementof Work

GNSScientificprospectscan benefit a large variety

of fieldsincluding,for example
A FundamentalPhysics

A Earthand AtmosphericSciences
A Astronomy

A TimeMetrology

(image credit: ESA)

Currentlythe mostimportant scientificapplicationsfall into
the followingfields
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f-esa GA4S

Galileo for Sci

[ QA Y LI2pNdE $A¥ dertla CEdegliaspettiscientificie tecnologicidei satelliti GNSer la

navigazione benillustrato nel documento(29 Gennaio2019):

Galileo in particular offers some particular features of special relevance for scierpgcimentation namely.

=

o

ORI

Galileosatellitesincludehighlystableatomic clocks

New signalsyobustmodulationschemeswith lower noise
(e.qg. B5-AltBOC)

More signalsin three frequencies(EL-E5-E6) for multi-
frequencyapplications

LaserRetroReflectorspresenton all Galileosatellites
Mass and Centreof-Mass provisionto the International
LaserRangingsServicg(ILRS)

Absolutecalibrationof Galileosatelliteantennas
Accurateattitude law of Galileosatellitesduringeclipse
StableGalileoorbits without manoeuvres
Specificcharacteristicof the Galileod I i S fefolutip®
period (avoidingEarthrotation resonancep

10. Radiationmonitorsin a numberof satellites

11. Two Galileo satellites placed in eccentric orbit,
observingargerdifferencesin 9 | NIr&vifyield

12. Galileodisseminate<salileoSystemTime(GSTjogether
with Coordinated Universal Time (UTC) information
from the combinationof severalof the most accurate
realisationsof UTQn Europe

13. Availabilityof preciseDifferential CodeBiasedor Galileo

14. Compatibility/interoperabilitywith other GNS&ystems
allowingmulti-constellationexperiments

15. Availability of Satellite Metadata information for
scientificusage
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[ QA Y LI2phid

g-esa

ropean Space Agency

G4
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F $A% della CEdegliaspettiscientificie tecnologicidei satelliti GNS$er la

navigazione benillustrato nel documento(29 Gennaio2019):

Galileo is approaching its completion towards Full Operational Capability. Additionally, a
formal process involving all relevant stakeholders has been established for the definition of
the evolution of the Galileo and the new features to be incorporated into the next
generation of the systen] (Galileo Second Generation — G2G).

Activities in support of the definition of possible G2G scenarios have been put in place
through Horizon 2020 R&D Framework Programme including System/Segment
engineering activities as well the associated technological pre-developments — some of
which had been initiated under the ESA EGEP Programme - to improve the current system
and to enable the implementation of the potential new features.

As part of the H2020 programme objectives, fostering the scientific utilization of Galileo
that may result in evolutions of Galileo are considered. In addition, a number of candidate
experimental hosted non-navigation payloads have been identified, in coordination with
ESA’s Galileo Science Advisory Committee (GSAC) [RD 3], that could be hosted in future
satellites, which would require consolidation of requirements, proposed
experimental/operational concept and payload initial prototyping.

A call for ideas, focused on key topics, allows to gather feedback from the scientists to
designers and integrators of the next generation navigation satellites with a view to
maximize the scientific value of the exploitation of the European GNSS signals and data.

Categoryl: Experimental
Payloads

Category2: On-Board Atomic
Clocks

Category3: EuropeanGNSS
Scientific Studies
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Il contestosscientifico e-techologica °52 @ 43

F $A% della CEdegliaspettiscientificie tecnologicidei satelliti GNS$er la

navigazione benillustrato nel documento(29 Gennaio2019):

1. Categoryl: ExperimentalPayloads

This category covers the prototyping of experimental hosted non-
navigationpayloaddfor future Galileosatellites,including

1.

O 0 WN

~

Optical payloads for ranging and communications(including QKD
experiments

SpaceEnvironment& SpacéNeatherinstruments
Advanced._aserRetroReflector

VLBITransmitter

Accelerometer

Remote Sensingnstruments supportingtroposphericor ionospheric
models

IAPSINAF
TASI

Such payloads shall provide scientific or
technical benefit possibly also to third
parties, while at the sametime, they shall
provide an added value to the Galileo
system

A Operations

A Performance

A Monitoring and Control

A X

Accelerometryfor Galileo Enhancementsand Science AGEp
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[ QA Y LI2pNdE $A¥ dertla CEdegliaspettiscientificie tecnologicidei satelliti GNSer la

navigazione benillustrato nel documento(29 Gennaio2019):

2. Category2: On-Board Atomic Clocks

This categoryincludes short studies on future on-board atomic clocks
technologiesfor Galileo, that may improve performance, robustness
and/or independenceof the supplychain Thestudiesincludetechnology
maturity assessmenand developmentplan.

Theoverallobjectivesof this categoryof activitiesare;

1. to assesghe suitability of alternative on-board clocktechnologiestor
future batchesof Galileosatellites

2. to define the required design and development plan up to flight
model, with a target flight model availabilitydate between 2023 and
2026

With the goalto identify the alternativetechnologymeetingthe G2G on-
board clock requirements with the lower developmentrisk (technical,
industrial,programmatic)

Alternative on-board clock technologies
primarily mean all technologiesthat differ

from Passive Hydrogen Maser (PHM) and

Rubidium Atomic FrequencyStandard (RAFS)
or their on-going evolutions Performance,
robustnessand reliability are critical aspects
for new technologies Independencein the

Industrial supplychainwill alsobe considered
as a criteria for the identification of the most

promising alternative candidate Examplesof

alternative technologiesare (but not limited

to):

A OpticallypumpedCsbeam

A LasempumpedVapourcell

A Hgionstrap

A coldatoms
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[ QA Y LI2pNdE $A¥ dertla CEdegliaspettiscientificie tecnologicidei satelliti GNSer la
navigazione benillustrato nel documento(29 Gennaic2019:

3. Category3: EuropeanGNSS Scientific Studies Eccentrioorbits

This category includes innovative scientific studies exploiting
differentiators of Galileo(and/or EGNOSJ with particular attention, but
not limited to the followingtopics

1. FundamentaPhysicsvith Galileo

2. Scientificusageof GalileosignalgAltBOCtriple-frequency,potentially
future signals)for Earthand AtmosphericSciencesMetrology, etc...

3. Scientificstudiesof innovativenature (with respectto previousones),
exploiting unique features from Galileoand/or EGNOSQwith respect
to other GNS®r RNSS)

Thismay considerenhancement®f scientificmodelsand algorithmswith
respectto state-of-art
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|| progetto Franco/TedescGREAT

GravitationalRedshift pastandrecentmeasurements
A Gravity Probe A (GPA, 1976-1980Q NI ) )|

RFEC Vessot M.W. Levine Gen Rel Gravy, 10, 3, 181-204(1979
RFEC Vessot et al., Phys Rev Letter, 45, 2081(1980

A GalileogravitationalRedshift Experimentwith eccentricsATellites (GREAY, 2018

ASYRTE » (8 8 ) P Delva et al., Phys Rev Letter, 121, 231101(2018
A ZARM » (8 8) S Herrmann,et al., Phys Rev Lett. , 121, 231102(2018)

Systematics:

* Temperature effects

* Earth’s magnetic field
* Orbit/clock solution

* Onground clocks

PHM(Passive Hydrogen Maser): <4.5 »x4#& 30000 s
RAFSRubidium Atomic Frequency Standard): <5.1%30 10000 s

RAFS
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GREATTiI progetto congiuntofra SYRTIEE ZARM e stato finanziatoda ESAe si e sviluppatosu un intervallodi
tempodi circa4 anni avendocomeunicoobiettivo la misuradel RedshiftGravitazionale

Inoltre, i due gruppidi ricercasi sono concentratiprincipalmentenella analisidei dati degli orologi e nello
studiodeqlierrori sistematici

Ladeterminazioneorbitale di precisione(POD delle orbite dei satelliti, di fondamentaleimportanzaper la
misura,e stataportata a termine da ESAconil s/'w NAPEOS

C/
“\‘\‘\_‘ CENTER OF
SYRTE @eie iPsLx S €S ZAAM

SYstémes de Référence Temps-Espace c A # Deutsches Zentrum
uropean Space Agency DLR fiir Luft- und Raumfahrt eV,

in der Helmholtz-Gemeinschaft
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PHYSICAL REVIEW LETTERS 121, 231101 (2018)

Fostured in Physics

CENTER OF
Gravitational Redshift Test Using Eccentric Galileo Satellites
P. Delva,"” N. Puchades,™ E. Schénemann,” E. Dilssner,” C. Courde,” S. Bertone,” F. Gonzalez,” A. Hees,'
Ch. Le Poncin-Lafitte,' F. Meynadier,' R. Prieto-Cerdeira.® B. Sohet,' J. Ventura-Traveset,” and P. Wolf' DeutSChes Zentrum

'SYRTE, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université,
LNE, 61 avenue de ['Observatoire 75014 Paris, France
2De[:u:n‘n:m'J'e?nIo de Astronomia y Astrofisica, Edificio de Investigacion Jeronimo Mufioz,
C/ Dr. Moliner, 50, 46100 Burjassot (Valencia), Spain
F’Eumpean Space Operations Center, ESA/ESOC, 64293 Darmstadt, Germany

‘UMR Geoazur, Université de Nice, Observatoire de la Cote d’Azur, 250 rue A. Einstein, F-06560 Valbonne, France

3 Astronomical Institute, University of Bemn, Sidlerstrasse 5 CH-3012 Bern, Switzerland
r’Er,i'rope’a'n Space and Technology Centre, ESA/ESTEC, 2200 AG Noordwijk, Netherlands
7Eur0p€an Space and Astronomy Center, ESA/ESAC, 28692 Villanueva de la Caiiada, Spain

DLR fiir Luft- und Raumfahrt eV.
in der Helmholtz-Gemeinschaft

ZARM + ESA

SYRTE + ESA

SYRTE ruie | PSLS

SYstemes de Reference Temps-Espace

PHYSICAL REVIEW LETTERS 121, 231102 (2018)

Test of the Gravitational Redshift with Galileo Satellites in an Eccentric Orbit

Sven Herrmann," Felix Finke,' Martin Liilf,? Olga Kichakova,' Dirk Puetzfeld,' Daniela Knickmann,” Meike List,'
Benny Rievers,' Gabriele Gi()rgi.4_Chri51()ph Giinther,™* Hansjorg Dittus,” Roberto Prieto-Cerdeira,” Florian Dilssner,’
Francisco Gonzalez,® Erik Schonemann,” Javier Ventura-Traveset.® and Claus Limmerzah!’

'Universh‘_\' of Bremen, ZARM Center of Applied Space Technology and Microgravity, Bremen 28359, Germany
*Technical University Munich, Munich 80333, Germany
*OHB System AG, Bremen 28359, Germany
‘Deutsches Zentrum fiir Luft- und Raumfahrt, Oberpfaffenhofen-Wessling 82234, Germany
*Deutsches Zentrum Jiir Luft- und Raumfahrt, Koln 51147, Germany
EjEfm‘opea'm Space and Technology Centre, ESA ESTEC, AZ Noordwijk 2201, Netherlands
'European Space Operations Centre, ESA ESOC, Darmstadt 64293, Germany
8;'Em‘opmn Space and Astronomy Centre, ESA ESAC, Villanueva de la Caiiada, Madrid 28692, Spain




Second-generation Galileo contract Secondgeneration Galileo contract awarded to Thadl€3PS World : GPS World

awarded to Thales

April 19,2021 - By Tracy Cozzens

lllustration: Thales Alenia Space

Project will boost the positioning performance and real-time
operability of the Galileo system.

The European Space Agency (ESA) has selected Thales Alenia Space
to support the implementation and experimentation of the navigation

algorithms that will be used in the Galileo Second Generation program.

Under the contract, Thales will develop the Advanced Orbit
Determination and Time Synchronisation (ODTS) Algorithms Test
Platform (A-OATP).

Thales Alenia Space, a joint venture between Thales (67%) and
Leonardo (33%), is the prime contractor for Galileo First Generation’s
Ground Mission Segment,.

ESA granted the contract on behalf of the European Commission in the
Horizon 2020 Satellite Navigation Program (HSNAV).

In a previous contract, Thales Alenia Space was chosen to provide six
satellites and initiate the B2 phase of development and implementation
of its ground segment for the Galileo Second Generation constellation.

Using its long-standing legacy regarding navigation algorithms in
addition to an innovative approach, Thales Alenia Space will develop
and test a new Advanced ODTS solution. The new orbitography
algorithms will allow a significant improvement in positioning
performance and real-time operability of the Galileo system. It will
exploit the accuracy of the GNSS orbit and clock estimation, with a
solution optimized for the real-time generation of Galileo navigation
messages, and take full advantage of the evolution of satellites and
ground stations considered in the Galileo Second Generation.

With this new contract, Thales Alenia Space applies on a deep
experience concerning orbitography algorithms as well as knowledge of
the Galileo system to strengthen its position as a major actor for the
development of the new generation of this satellite system, the company
stated in a press release.



https://www.gpsworld.com/second-generation-galileo-contract-awarded-to-thales/
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Risultati-e-prospettive

Attivita preliminari

Vistii moltepliciobiettivi del progettoef QS { gsadddiidifficolta chealbergain ciascuno
di essial fine del suo raggiungimento,sono state preliminarmenteintraprese un certo
numerodi attivita focalizzatesullosviluppodi nuovimodelliper le forze non-conservative

1. Modello 3Ddel satellite per future analisi agli elementi finiti tramite Ragpcing

2. Modello BoxWingdel satellite e determinazione delle accelerazioni prodotte da alcune perturbazioni
Non-Gravitazionali

3. Attivita preliminari alRayTracing

Alcunirisultati sonogiastati presentatiin contestiinternazionali

3th IEEHnternationalWorkshopon Metrologyfor Aerospace&016

6th International Colloquiumon Scientificand Fundamentalspectsof GNS017
5th IEEEnternationalWorkshopon Metrology for Aerospace018

COSPARO18

EGU2019

7th International Colloquiumon Scientificand Fundamentalspectsof GNS019
COSPARO21

EGL2021

T> T T J> T T T I




Risultati-e-prospettive”

Attivita preliminart Modello 3D

~ Galileo FOC
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Risultati-e-prospettive

Galileo Satellite MetadataFEuropeanGNSS Service Centre (gscopa.eu)
Attivita preliminart Modello BoxWing
A 0.440 0.93 0.00 0.07

+X
C 0.880 0.08 0.73 0.19
-X A 1.320 0.93 0.00 0.07
" A 1.129 0.93 0.00 0.07

+Y
C 1.654 0.08 0.73 0.19
Box A 1.244 0.93 0.00 0.07

=7
C 1.539 0.08 0.73 0.19
A 1.053 0.93 0.00 0.07

+7
B 1.969 0.57 0.22 0.21
A 2077 0.93 0.00 0.07

-Z
C 0.959 0.08 0.73 0.19
E 3.880 0.92 0.08 0.00

+SA
D 1.530 0.20 0.10 0.00

Wing

E 3.880 0.92 0.08 0.00

7 -SA
., D 1.530 0.90 0.10 0.00



https://www.gsc-europa.eu/support-to-developers/galileo-satellite-metadata

Risultati-e-prospettive

Attivita preliminart Modello BoxWing

The direct SRP depends on:

1.
2.

e

the solar flux ®g

the distance of the Earth-satellite system
from the Sun

the satellite attitude and its shape/geometry
the physical properties (optical, thermal,...)
of the various surfaces (constituents) and
their time degradation

* We need to improve the modeling of the NGPs down to an acceleration level

<1010 m/s2

T e f
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O] v

$o The resulting elementary acceleration on a surface element

8 at+p+d=1
cosB =1-5g @ ~ 5
da = “ne (1—p)S®+2(§+pcosB)n

dd = da, + dd, + dds

dA|cos 3|

Simplifying assumptions: A. Milani, A.M. Nobili, P. Farinella. Adam Hilger, Bristol (1987)

a) the absorbed light is not-re-emitted

b) for a given direction, the intensity of diffused light is
proportional to the cosine of the angle with the unit vector #i
(Lambert’s law, i.e. spherical diffusion lobe)

c) thereflection is perfectly specular

d) dA behaves like a linear combination of a black body, a
perfect mirror and a Lambert diffuser

dds = %adM IS, ¢®26dA| i
ag=—_ cos f|Sq 3 cos f|n

di, = - 22444 K
Ty = mca cosfB| Sg

dd, = — 2220 cos B dA [cos Bl
a,=—— CcoSs cos n
e me P

* On the basis of our experience with LAGEOS satellites, the main challenge is
represented by the knowledge of the temperature distribution of the S/C and
the development of a reliable model for the thermal perturbations

* We need almost all the physical information characterizing the S/C materials:

U The characteristics provided in the FOC metadata are not enough for a FEM

%

e ¢ Oj v
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Risultati-e-prospettive

Attivita preliminart Modello BoxWing

A l-yearsimulationwith the SBW model
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rect SolarRadiationPressure
I NXAaliedba
| NJnfkaedradiation

$ r] > J|| < TR

Equatorial plane

perigee

Y
Line of nodes

Average on March
from hourly values

.. * CERES (Clouds and Earth’s Radiant Energy System)

measures in three bands solar-reflected and Earth-
emitted radiation from the top of the atmosphere to
the Earth’s surface

Using data from CERES we can calculate different
averages (hourly, monthly, etc.) of Earth’s Albedo and

Infrared radiation

https://ceres.larc.nasa.gov/data/




Risultati-e-prospettive

Attivita preliminart Modello BoxWing

SolarRadiationPressureacceleration 1 2

Galileo FOC EO08

G4

Galileo for Science

{7 (degrees)

80

-60

60 |
40t
20
ol
20
-40 |

SRP: Radial direction

-80
-200

-150 -100

A u (degrees)

50 0 50 100 150 200

1 (degrees)

80

60

40

20

oFf

20}

-40

-60

SRP: Transverse direction

i {degrees)

-80
-200

-150

-100 -50 0 50 100 150 200
A u (degrees)

-40 |

B0}

-80

-150

SRP: Qut-of-plane direction

-100  -50 0 50 100
A u (degrees)

150 200




G4

Galileo for Science

Risultati-e-prospettive

Attivita preliminart versoil RayTracing s/w CONMSOL

beta(l)=0 rad rnal source view factor 1)
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Risultati-e-prospettive

Prospettive Gravitational Redshift

SpecialRelativity (SR and GRare responsibleof frequencyshifts of the onboard clocksthat
canbe carefullymeasuredoy exploitingboth the preciseonboardH-maserclocksandthe high
eccentricityof the orbits

A amongthese effectsthe Gravitational Redshiftplaysa specialrole, sinceit representsa test of
the LocalPositionInvariance(LP)

Indeed, LPlis one of the ingredientsof Einstein EquivalencePrinciple (EER which is at the
basisof 9 A Y a (6RaRdbf@lametric theoriesof gravitation

1. Universalityof FreeFall(UFF) G4SA_2.|2|§|\F;|pr??ﬁ2 gc;[gllltitemodelw systematics:
2. LocalLorentzinvariance(LLI) A SLR data: NP and ER _
3. LocalPositioninvariance(LPI) A Gravity Field Free (GFF) technique

A Galileoconstellation

A, Goal

Vi G (o iy |
’ 7 — ))—r = R ) «—
W & (-Ya > — ¢, ( ) >J”|= a=0 InG |5 |
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Risultati-e prospettive ......

Prospettive Relativisticprecessions

Line of nodes

1. Schwarzschilar Einsteinprecessior{gravitoelectridield)

. . . . g Rate (masl/yr) GSAT-201/202 GSAT-203
2. LenseThirrig (LT) precessior(gravitomagnetidield) S ——
3. Geodeticprecession(Coriolislike acceleration) A‘_"E *42:?? *362';:
a)LT - > - .
oF - (“_ﬂ i) 0?1 1% =I”f y o7 1 1% AQ,, + 269 + 218
T+ ( m) Li( m)’ Lds( m)’ A,  + 1760  + 1760
A,
| T «a L
o™ —WKW& ) Jsalirc ¥
T Tas Rate (mas/yr) LAGEOS II LAGEOS
The measurementsof the relativistic precessionsare much more challengingin L, mas-tmillarcse
. . a
the caseof the Galileosatellites N R
o - 57.00 32.00
A In particular in the caseof the LT effect (the GRprecessionis more than a factor of 10 A i
smallerthan the LAGEOSne) v 310 + 3067
A However, the measurementof Schwarzschildprecessionis favorable, particularly if AQ, + 1760 + 1760

LAGEOS isalsoconsidered
A Consequentlyalsothe constraintsin Yukawalike interactionsare promising
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Risultati-e-prospettive

Prospettive Constraintson dark matter (DM)

A DM could arise from very light quantum fields that form macroscopicobjects or
clumps

A These may produce topological defects (TD), as domain walls, that could be
responsibleof glitchesand transientsin GNS&lockstime measurementselated to
transientvariationsof fundamentalconstants

A Robertset al. (2017) havefound no evidencefor the existenceof domain walls after
an analysiof about 16 yearsof GP3Jataat the sensitivitylevel of the onboardatomic
clocks

A Thesdimits canbe further improvedexploitingthe higherperformanceof the atomic
clocksof the Galileoconstellation

B.M. Roberts et al., Nature Communications 8, 1195 (2017)
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Risultati-e-prospettive

Prospettive RelativisticPositioningSystem(RPS)

A Theideais to use a RPShasedon emitters fixed to the surfaceof the Earthto
providean accurateorbit determinationof the two S/C

A Thisrepresentsa fully RPSasedon the complete exploit of SRand GRand on the
conceptof spacetime

A In the caseof GNSSsatellitesthe positioningis & 0 NJ R Aadditt yelafivistic

effects are introduced as perturbations, i.e., as corrections to a Newtonian
formulation

A The counting of the pulsesfor a setof R A i S &hkttgrsiwhose positionson the
Earth and periodsare assumedto be known, is usedto provide null emission(or
light) coordinatesfor the receiveron a satellite

A The measurementof the proper time intervals between successivarrivalsof the
signalsfrom the variousemittersis usedto givethe U Yy lodalizationof the receiver,
within anaccuracycontrolledby the precisionof the onboardclock
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Risultati-e prospettive &8

£35

Prospettive Accelerometroper i G2G
TasksACCDeML.

1 To study technicalsolutionsto overcomethe limitations of the current INAFIAPSaccelerometers,
Intrinsicto their functioningconcept,relatedto measurement®iasandlongterm stability

1 To identify possiblesensorsarrangementsto disentangleamong accelerationsdue to linear and
rotational S/Cbody motion

TasksACCReq
1 Toidentify possiblescientificgoalsanddefinerelatedrequiredmeasuremenperformance
1 Tostudysuitableinstrumentconfigurationsandidentify performancecriticalelements
TasksAC(De\2:

9 To study technical solutions of performancecritical elements, in order to reach the needed
performance




Risultati-e-prospettive

Prospettive Accelerometroper i G2G

Non-Gravitational Perturbation

Amplitude [m/$]

Models accuracy [mfb

Far fromeclipses 10% 5%
R 1616108 @f,, | 1.6210°| 8100
SRP T 1442108 @f,, | 1.4#10°| 73100
+ W 1.0£10° @2f,,, 1.610%0 [ 101
Albedo D 1.2 10° @2f,, 1.2810%0 [ 52101
+ B 1.6810° @f,, 1.6100 | 131010
IR Xb 43100 @2f,, £101L | 2101
radiation Yb 2102 @f, 2108 | 1100
Duringeclipses 10% 5%
R 7.862108@f, | 7.8R10°| 3.9810°
SRP T 7592108 @f, | 7.6610° | 3.810°
+ W 6.12 1010 @f, 6210 [ 310
Albedo D 1.162108 @4f,, | 1.1610°| 63101
+ B 4866108 @f,, | 4.8R10°| 2.810°
IR Xb 3.078108 @2f,, | 3.0810°| 1 2H°
radiation Yb 4210 1 @19, 2102 | 221072
aji Q e pdx op 1 OQ
WQ ¢ pT

VOu

[p p

p pm](U
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Lo scopo finale e quello di sviluppare un nuovo
concetto di accelerometro che possa misurare le
accelerazioni non-gravitazionali ad un livello di
accelerazione® p pm a&ji e che possafornire
misure utili in tutte quelle condizioniin cui i modelli
non sonocomungueadeguati

A Fasedi penombra(effetti atmosfericiX)
A Eclissi
A Manovre
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Risultatice-prospettive

Prospettive Accelerometroper i G2G

Advantagedrom an onboardaccelerometerasa platform instrument

COMmovementsdue to fuel sloshingand massvariation

Massvariation

Satelliteattitude knowledgein generaland, especiallyduringthe eclipsesandthe penumbratransitions
Solarpanelwingsnormalmodesandtheir variation

Manoeuvresand orbit recoveryafter manoeuvres

In band micro-vibrationlevelmonitoring

Highfrequencyout-of-band monitoringonceconvertedto low frequencyin the measuremenband APC
New PODconcept

ONO AWM

=

CoM
LRA

® "Y@ & Eqg of motion for the S/CCoM

® ® YD & @ Eg of motion of the ACQeferencepoint (Vertex) ACC
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Risultatice-prospettive

Prospettive Accelerometroper i G2G

Advantagegrom an onrboardaccelerometerasa scientificpayload

1. PODmprovements(directproducts) 2. PODmprovements(indirectproducts)
A Preciseorbits A Calibrationof NGPmodels
A Clocksolutions A Calibrationof empiricalmodels
A Broadcasephemeris A 1GSproductsin the field of spacegeodesyand
geophysics

o Terrestrialreferenceframe

0 Geocentrecoordinates

o Earthorientation androtation parameters
A 1GSproductsin the field of atmosphericphysics

0 Tropospherizenithpath delay

o0 Radiooccultation

o Meteorology

o Climatechanges
A Fundamentaphysicaneasurements
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G4S_2.0
WP INAF
Management Managemen it

wpz wp3 WP4 ‘ WPS
GR-P-PPN ACC LT-GRS DM-GW

WP1
- - NGP-POD-Clock
’ TaskNGP-1 ||| TeskPOD-1 Task,clo
Information - GRS LT-GI
T 2 ¥
M P DM
TaskNGP-3 ||| TeskPOD-3 e
a
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-

WP1

WP2
WP3

WP4

WP5

WP6

Terzo Anno

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

1 NGP-2 NGP-3 NGP-4 NGP-5 NGP-6
POD-1 POD-2 POD-3 POD-4
POD-5
Clock-1
Clock-2
P-1 P-2 P-3 P-4 PPN-1 PPN-2
ACC.Devl ACC.Req ACC.Dev2
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
SLR-FR LT-GFF
GRS
DM
GW
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
RPS-1  RPS-2 RPS-3 RPS-4 RPS-5 RPS-6 RPS-7



Programmazione

Riunionidi avanzamente prodotti

Le attivita del progetto saranno cadenzate (vefs®) da

A Tre riunioni di avanzamento
A Una riunione finale

Per ogni riunione sono stati programmati alcuni prodotti da produrre

A Progress reports e presentazioni
A Reports e Note tecniche

Si produrra inoltre molto s/w di diversa tipologia

_ Tavolo Negoziale
Riunione iniziale di avvio lavori
_ 1a Riunione di Avanzamento
_ 2a Riunione di Avanzamento
I

3a Riunione di Avanzamento

Riunione Finale

TO

TO + 7 mesi

TO + 19 mesi

TO + 31 mesi

TO + 36 mesi

G4

Galileo for Science

c@Qul”

PROGETTOG4S_2.0

Agenzi ipeeiols ALLEGATO 1: ELENCO DOQUMENTAZIONE
EVENTO DI
CODICE TITOLO RESP CONSEGNA RIF
Progress Report Riunione di
DEL 001 . » ASI/EP | avanzamentq N/A
Presentazioe#1 attvita RA1 #1
ProgressReport
_ o ASI/EP
Presentaione#2 #ivita RA2
Report WR(SLR-FR) ASI o _
Riunione di
DEL 002 ReportWP1(NGP-POD) avanzamerat N/A
#2
Nota tecnia WP1(BW/FEM) INAF
Nota ecnica WPBACC.Dev1)
ReportTask.RPS1-2-3 POLITO
ProgessReport
9 P ASI/EP
Presentaione#8 attivita RA3
Report WP4(Finale ASI
Riunione di
DEL 003 Report WP{Finale) avanamento N/A
#3
Repat WP2(GRP) INAF
Nota tenica WP3(ACCReq)
Report Task.RP8-5-6 POLITO
Rapprto Finale
P ASI/EP
Presentazione#4 fine attivita
Report WP5(ihale) ASI
DEL 004 RF N/A
Repot WPZFinale
P _2( ; INAF
Nota tecnica WP3(ACC.Dev2)
Report Tak.RPS7 POLITO
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Programmazione
Riunioniinterne allo IAPSINAF

Galileo for Science

G4S5_2.0
WP INAF
Abbiamo svolto tre riunioni débruppo Gravitazionale (WP1) L Management
k| N

1. Determinazione Orbitale #1.: 5 Maggio 2021 | L;:f:; H iy
2. Modelli Forze NofrGravitazionali #1: 11 Maggio 2021 Tkt || Tokpoos || ko |
3. Determinazione Orbitale #2: 21 Maggio 2021 ™ ' = | \r;sk-gn;” [ |

r :::5“ H .;p,::ﬁm =

A breve terremo la prima riunione sulle attivita di Laboratoric . 1P

perf Q! OOSt BMRBE:YS (i NP

4. Accelerometro #1.: ? Giugno 2021




Fondi

Finanziamentalel progetto

A 1l progetto & finanziato d&Slper 580 k
A INAFricevera tre tranches da 18@
|XPSINAF
POLITO

C 460ke
C 80ke

Sulla base dell’analisi svolta il costo complessivo dell’accordo € di € 1.034.960,43
con la seguente ripartizione fra gli enti partecipanti descritta in tabella:

Istituto Finanziamento Premiale Co-finanziamento
AST/CGS 40.000.00 130.246.52
INAF ( 460.000,00 > 275.035.47
S
POLITO 80.000.00 49.678.45
T —
Totali ( 580.000,00 454.960.44
aas—

Lo IAPS/INAF infatti si avvarra della collaborazione del Politecnico di Torino come

altro ente partecipante.

Certi 2021

Fondi a sostegno
21. Totale fondi a disposizione (dato aggregato, k€)

Certi 2022 Certi 2023

ffS w! LISk dzy

Descrizione Tempistica

Tavolo Negoziale

Riunione iniziale di avvio lavori
1a Riunione di Avanzamento
2a Riunione di Avanzamento

3a Riunione di Avanzamento

Riunione Finale

Presunti 21

a2atl

TO

TO + 7 mesi 180 m

TO + 19 mesi 180 k:l
TO + 31 mesi 180 m

TO + 36 mesi

Presunti 22

f S RA

G4S

Galileo for Science

INAF cefinanzia il
progetto per il 60%

pnn

80 Wi
mmmm) POLITO

Presunti 23

0.0

180.0

180.0

180.0




Leadership

INAF ha la Leadership del progetto

A 79% del finanziamento del progetto

A 82% delle attivita del progetto

A 60% del cdinanziamento del progetto

Galileo for Science
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G4S_2.0
WP INAF WP ASI
Management Management
WP1 WP2 WP3 WP4 WP5 WP6
NGP-POD-Clock GR-P-PPN ACC LT-GRS DM-GW RPS
\ | [ | [
Task.NGP-1 || Task.POD-1 || Task.Clock-1 e Task.RPS-1
Information Set-up GRS LT-GFF T MEE T p=HbY Information
| I | |
Task.NGP-2 Task.POD-2 Task.Clock-2 T AR Task.RPS-2
BW/FEM SRP DM AT TR M= A Stat/G-Ant
[ | | [ [
Task.NGP-3 Task.POD-3 Task GRP-1 s T TR G AR Task.RPS-3
SRP ARP S2G SW
T T Arc Length PPN i
Task.NGP-4 Task.POD-4 Task GR-P-2 — Gll — Task.RPS-4
SK.GR-P-. ask.GR-| =
A?P lRP/TI;ermal Schwarzschild Yuk-ATG GZSISW
Task.NGP-5 Task.POD-5 Task.RPS-5
IRP/Thermal GR oy Onb-Pre-IP
T Lense-Thirring
|
Task.NGP-6 Task GRP-2 Task.RPS-6
Maneuvers By Actual IP
de Sitter
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Criticita
Si evidenziano le seguenti principali criticita

1. Umane

A Legate al personale impegnato su diversi fronti

A Competenze da acquisire
A POD in generale (i Galileo sono «nuovi» satelliti per noi)
A POD con il Bernese (nuovo s/w): AtliRion banale)
A Orologi atomici: AdR (meno problematico)

2. Tecniche (informazioni mancanti da ESA per | modelli da sviluppare e la POD)
A Caratteristiche fisiche delle superfici dei satelliti e degli elementi che le compongono
A Campagna dedicata di tracking laser (SLR)
A Orologi e Stazioni

3. Difficolta delle misure
4. Gruppi concorrenti in UE e non solo
5. Gruppo di ricerca piccolo (posizione a tempo indeterminato)



G4S_2.0_requests_to_ESA.pdf
Required knowledge and collaboration.pdf
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Conclusioni

Gli obiettivi principalidel progetto GAS_2.0 sono stati presentati,contestualizzandde misure
dal punto di vistascientificoe delineandoft Q2 NAH | Yy prdgranhmatic@ligllesliverseattivita

Un aspettoimportante da sottolineareulteriormente riguardaunadelle attivita del progetto, la
determinazioneorbitale di precisione(POD delle orbite dei satelliti

QuelladellaPODe unapeculiarita,in ambito INAF, del soloGruppoGravitazionaledello IAPSe
chenon hamaigodutodi un finanziamentodiretto da parte di INAF

Questecompetenzecherisulterannoulteriormente estesee rafforzateal termine del progetto,
sestrategicamentesostenuteda INAFconsentirebbero

1. PODper missioni in orbita terrestre e interplanetaria per
A Misure di fisica della gravitazione (RG vs. altre teorie) in campo terrestre, lunare e nel sistema solare in gene
AaArdadaNBE RA INFGAYSUNARFT addGFG2 NROGFT A2yIFEES S &aiNDzi

di laboratorio delGruppo Gravitazional@ con lo sviluppo di sensori dedicati: acceleromemadiometre X

2. Ricadute scientifiche e tecnologiche significative

3. Maggiore e piu ampia possibilita di collaborazione con altri Gruppi di ricerca in questo settore

Un piccolo(ma continuativo)finanziamentodi INAFci consentirebbedi poter affrontare sfide future, partecipandoa nuovi

N )

9

progetti conconseguentecrescitadel GruppoGravitazionale
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Results of the LARASE experiment
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Results of the LARASE experiment N

SRS

SERRANGEDSATELLITESEXPERIMENT

TheLenseThirring effect consistsof a precessiorof the orbit of a satellite

arounda primary producedby its rotation, i.e. by its angularmomentum
(masscurrents)

Thisprecessiomproducesa seculareffectin two orbital elements
Athe right ascensiorof the ascendingiode
Athe argumentof pericenter

Qm ¢0
Q W (p Q)]
Q 0 ~

Al®

Eﬁi W 6 P Q)!




Results of the LARASE experiment

. . 1l ADACL
On theLenseThirring effect and the importance of an accurate measurement =aiiis=s

of the Gravitomagnetic Field

Mmoo 28— [o(mE Y

An accurateand reliable measurementof the gravitomagneticfield of the Earthis not
only important per se as a further and robust test of the GRpredictionsin the WFSM
limit. There are at least three main issuesthat, for their importance,require a much
more precise and accurate measurementof gravitomagnetism,even in weakfield
conditions

AlIntrinsicgravitomagnetism
A Strongfieldsand compactobjects
Aa | O Rridéiple



Results of the LARASE experiment

Gravity IRroberB(GBB)

GPB, after 40 yearsof effort and$ 700 million
satelliteproject,waslaunchedon April 19, 2004
from VandenbergAir Force Base (CA/USA)

Pl Prof. Francis Everitt

http://einsteinstanfordedu

Thetwo primary goalsof GPBwere

1. Themeasurementf the framda
dragging effect with an

accuracyof about0.3% : b

2. The measurementof the de
Sitter effect with an accuracyof
about0.002%;

For 18 months of nominal duration

The readout error wagt 0.016 mas/yr

Geodetic Effect
6,614.4 miibarcsecondslyr

(0.00183 degreesiyr)

40.9 miblarcseconds yr
(0.00001 14 degrees/yr)

rel.

1 ADACL

TS RVYEY & ]
LASERRANGEDSATELLITESEXPERIMENT

de Sitter

- o
SADNEI P +3'§JA 15

2r r

Lensé& Thirring

6,614.4 mas/yr
° 2Q0°°

40.9 maslyr
° 3Q03

Comparablewith the CASSINI
measuremenf2002 of g (d do
205, Bertotti et al. 2003
Lettersto Nature)




Results of the LARASE experiment

|edl Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

week ending

PRL 106, 221101 (2011) 3 JUNE 2011

S

Gravity Probe B: Final Results of a Space Experiment to Test General Relativity

C.W.F. Everitt,"* D.B. DeBra,' B. W. Parkinson," J. P. Tumeaure," J. W. Conklin," M. L. Heifetz," G. M. Keiser,
A.S. Silbergleit, T. Holmes," J. Kolodziejczak,” M. Al-Meshari,” J.C. Mester, B. Muhlfelder," V.G. Solomonik,"
K. Stahl," P.W. Worden, Jr," W. Bencze,' S. Buchman,' B. Clarke," A. Al-Jadaan,” H. Al-Jibreen.” J. Li,' J.A. Lipa,’
J.M. Lockhart,' B. Al-Suwaidan,” M. Taber, and S. Wang'

"HEPL, Stanford University, Stanford, California 94305-4085, USA
2Genrge C. Marshall Space Flight Center, Huntsville, Alabama 35808, USA

K ing Abdulaziz City for Science and Technology, Riyadh, Saudi Arabia

(Received 1 April 2011; published 31 May 2011)

Gravity Probe B, launched 20 April 2004, 1s a space experiment testi

e—and frame-dragging effects, by means of

4

Einstein’s theory of general relativity (GR), the ggc
cryogenic  gyroscopes in Earth_oebst
August 2005, Apabwss~oT the data from all four gyroscopes results in a geodetic
and a frame-dragging dnft rate of —37. W
GR predictions of —6606.1 mas/yr and —39.2 mas/yr, respectively (*“mas™ is milliarcsecond; 1 mas =
4.848 X 107 rad).

o be compared with the

DOL: 10.1103/PhysRevLett.106.221101 PACS numbers: 04.80.Cc
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MeasurementdfdiesSttie p precession
0.3%

//

MeasurementdfGratitomagaetism
19%

e

X both measures are far from the
initial objectivesX
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The LenseThirring precessionis very small compared to classicalorbit
precessiondue to deviationsfrom the sphericalsymmetry for the Earth's
mass distribution, or with the same relativistic Schwarzschildprecession
producedby the massof the primaryo B350mas/yrfor LAGEOS

TABLE 1. Mean orbital elements of LAGEOS, LAGEOS 11
and LARES.

Unit Simbol LAGEOS LAGEOS II LARES

Element

[km)] a 12270.00 12 162.07 7 820.31
eccentricity e 0.004433 0.013798 0.001196
[deg] i 109.84 52.66 69.49

semi-major axis

inclination

TABLE II. Rate in milli-arc-sec per year (mas/yr) for the
secular Lense-Thirring precession on the right ascension of
the ascending node and on the argument of pericenter of LA-

GEOS, LAGEOS II and LARES satellites.

Rate in the element LAGEOS LAGEOS II LARES
Op T 30.67 31.50 118.48
@I 31.23 —57.31  —334.68

30 mas@1.8 m in kyear

{]@ = 5.861-10*°cm?gs™? )

V(r.e.2)=-

o l . f
ML

(=2 m=0

m PCRAUIQI m

G =6.670-10"8cm3s7%2g71

c = 299792458100 cm/s

P {m (Sm (D) ( C!:"m cosmA+S tm smmA )




Results of the LARASE experiment

Therefore,the correct modellingof the evenzonalharmonics(a = even
m=0) representsthe main challengan this kind of measurementsslnce

they have the samesignatureof the relativistic effect but much Iarger
amplitudes

2, 0 4,0 6,0
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By solvinga linear systemof three equationsin three unknowns,we can solve for the
relativistic precessiorwhile reducingthe impactin the measurementof the non perfect
knowledgeof the 9 | NJrd&i€ationalfield:

— m LB X OFWI

m 16l m 9 6l;

3
[T
3

Qcomb {1 * In General Relativity
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”]‘15'-}1 m(]él'_ﬁ m - E ‘|m MemT U
— NemdBixo

% A LTeffect observable
Q1 m

) 1m Q' 'm

A k, andk, are suchthat to cancelthe unmodelledeffects/errors
AT B of two even zonal harmonics (order m=0) of the 9 I NI K
—Q){ VU 5'-_5} =8 gravitationalfield: quadrupoleand octupole coefficients
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By solvinga linear systemof three equationsin three unknowns,we can solve for the
relativistic precessionwhile reducingthe impactin the measurementof the non perfect
knowledgeof the 9 | NJrd&i€ationalfield:

—~ m LB XX wiwi
m <-| Orﬁ m (-| OII_F] n] E ] n] ﬂcomb {1 * In General Relativity
= H = Scomb = . : .
— m ‘] (3'._5 m <] 6'|_ﬁ m ‘ E ] m Q'GR b 0 In Newtonian physics
”]‘15'-_}3 ”]‘15'-_5 m - E ‘|m MemT U
_ Nemdryx o

1. Ciufolini,l.; LucchesiD.; Vespe,F; Mandiello, A. Measurementof draggingof inertial framesand gravitomagnetidield usinglaser
rangedsatellites NuovoCim A, 109, 575¢590, 1996

Ciufolini,l. Ona new methodto measurethe gravitomagnetidield usingtwo orbiting satellites NuovoCim A, 109, 17091720 1996 K
LucchesiD.M.; Balmino,G. The LAGEOSatellitesorbital residualsdeterminationand the LenseThirringeffect measurement Plan
SpaceSci, 54, 581¢593, 2006
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Results fomfrom the linear system
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Errors @ 95% CL

350 |

SILE . acancmoss PV s Model Y i1

ol TirGrezs | f _ GGMO5S 1.0053 £ 0.0074 +0.0053
EIGEN-GRACE02S 1.0002 £ 0.0074 +0.0002

0T /,/ ‘ ITU_GRACE16  0.9996 + 0.0074 —0.0004

Tonji-Grace02s  1.0008 £ 0.0074 +0.0008

Cumulative Lense-Thirring parameter p
o
o

100 / -
""\,,;;’;"i}' I_h = :!: v 8 8
50 = .
0
.50 1 ! ! 1 1 !
0 50 100 150 200 250 300 350

Number of arcs



350

300

no
al
o

no
o
o

Cumulative Lense-Thirring parameter p
o o
o o

o
o

Results of the LARASE experiment

Il ADACL
TSR YRY & |
LASERRANGEDSATELLITESEXPERIME| NT

LenseThirring effectmeasuremenframedragging

o

Errors @ 95% CL

Model wEon n—1
GGMO5S 1.0053 £ 0.0074 +0.0053
EIGEN-GRACEO02S 1.0002 4 0.0074 +0.0002
ITU_GRACE16 0.9996 + 0.0074 —0.0004
Tonji-Grace02s  1.0008 £ 0.0074 +0.0008
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Estimation of the systematic errors
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PHYSICAL REVIEW D 89, 082002 (2014)

LAGEOS II pericenter general relativistic precession (1993-2005):
Error budget and constraints in gravitational physics

David M. Lucchesi
Istituto di Astrofisica e Planetologia Spaziali, Istituto Nazionale di Astrofisica, (IAPS/INAF),
Via del Fosso del Cavaliere 100, 00133 Roma, Italy,
Istituto di Scienza e Tecnologie dell’Informazione, Consiglio Nazionale delle Ricerche, (ISTI/CNR),
Via G. Moruzzi 1, 56124 Pisa, Italy, and
Istituro Nazionale di Fisica Nucleare (INFN), Sezione di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Iraly

Roberto Peron
Istituto di Astrofisica e Planetologia Spaziali, Istituto Nazionale di Astrofisica, (IAPS/INAF), Via del Fosso
del Cavaliere 100, 00133 Roma, Italy and
Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Roma Tor Vergata,
Via della Ricerca Scientifica 1, 00133 Roma, Italy
(Received 16 April 2013; published 7 April 2014)

The aim of this paper is to extend, clarify, and deepen the results of our previous work [D. M. Lucchesi
and R. Peron, Phys. Rev. Lett. 105, 231103 (2010)], related to the precise measurement of LAGEOS
(LAser GEOdynamics Satellite) II pericenter shift. A 13-year time span of LAGEOS satellites’ laser
tracking data has been considered, obtaining a very precise orbit and correspondingly residuals time series
from which to extract the relevant signals. A thorough description is provided of the data analysis strategy
and the dynamical models employed, along with a detailed discussion of the known sources of error in the
experiment, both statistical and systematic. From this analysis, a confirmation of the predictions of
Einstein’s general relativity, as well as strong bounds on alternative theories of gravitation, clearly emerge.
In particular, taking conservatively into account the stricter error bound due to systematic effects, general
relativity has been confirmed in the Earth’s field at the 98% level (meaning the measurement of a suitable
combination of # and y PPN parameters in weak-field conditions). This bound has been used to constrain
possible deviations from the inverse-square law parameterized by a Yukawa-like new long range interaction
with strength |a| £ 1x 107! at a characteristic range A = | Earth radius, a possible nonsymmetric
gravitation theory with the interaction parameter Cgagrosn < (9 X 1072 km)*, and a possible
spacetime torsion with a characteristic parameter combination |2f, + 15| < 7 x 1072, Conversely, if we
consider the results obtained from our best fit of the LAGEOS II orbit, the constraints in fundamental
physics improve by at least 2 orders of magnitude.

DOL 10.1103/PhysRevD.89.082002 PACS numbers: 04.80.Cc, 91.10.Sp, 95.10.Eg, 95.40.+s
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1. Measurementof LAGEOSI argument
of pericenterGRprecession

This represents the extension and
completionof a previouswork publishedon
PhysRevLett in 2010
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|&d Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS
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PRL 105, 231103 (2010) 3 DECEMBER 2010

s

Accurate Measurement in the Field of the Earth of the General-Relativistic Precession
of the LAGEOS II Pericenter and New Constraints on Non-Newtonian Gravity

David M. Lucchesi"? and Roberto Peron'
Ustituto di Fisica dello Spazio Interplanetario, Istituto Nazionale di Astrofisica, IFSI/INAF,
Via del Fosso del Cavaliere 100, 00133 Roma, Italy

Istituto di Scienza e Tecnologie dell’Informazione, Consiglio Nazionale delle Ricerche, ISTI/CNR,
Via G. Moruzzi 1, 56124 Pisa, Italy
(Received 18 July 2010; published 29 November 2010)

The pericenter shift of a binary system represents a suitable observable to test for possible deviations
from the Newtonian inverse-square law in favor of new weak interactions between macroscopic objects.
We analyzed 13 years of tracking data of the LAGEOS satellites with GEODYN Il software but with no
models for general relativity. From the fit of LAGEOS II pericenter residuals we have been able to obtain a
99.8% agreement with the predictions of Einstein’s theory. This result may be considered as a 99.8%
measurement in the field of the Earth of the combination of the y and 8 parameters of general relativity,
and it may be used to constrain possible deviations from the inverse-square law in favor of new weak
interactions parametrized by a Yukawa-like potential with strength « and range A. We obtained |a| =
1 % 10~'"", a huge improvement at a range of about 1 Earth radius.

DOI: 10.1103/PhysRevLett.105.231103 PACS numbers: 04.80.Cc, 91.10.5p, 95.10.Eg, 95.40.+s

PhyéT(% Physics 3, 100 (2010)

Viewpoint
Via satellite

David Rubincam
Planetary Geodynamics Laboratory NASA Goddard Space Flight Center, Greenbelt, MD 20771,
USA

Published November 29, 2010

More than a decade’s worth of data collected from the LAGEOS II satellite is offering a new way to test general
relativity.

Subject Areas: Gravitation

A Viewpoint on:

Accurate Measurement in the Field of the Earth of the General-Relativistic Precession of the LAGEOS II Pericen-
ter and New Constraints on Non-Newtonian Gravity

David M. Lucchesi and Roberto Peron

Phys. Rev. Lett. 105, 231103 (2010) — Published November 29, 2010
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TheexpectedGRprecessiorvs classicaprecession
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PHYSICAL REVIEW D 89, 082002 (2014)

TABLE I. Rate (mas/yr) and orbital shift (over 14 days) of the
different types of secular relativistic precession on the arguments
of pericenter of LAGEOS II and LAGEOS, and their sum
(1 mas/yr = | milli-arc second per year).

Precession Rate (mas/yr) Shift (m) CEﬂJ p Tt d (I)T(b ‘l 0 6 “O'O 6

AgpShw 3351.95 7.61 S AT . e e Y0}
§ ) | V¥ p TTad Wiwi 00 'O0D
LAGEOS II Ay 57.00 1.29 x 10
Total 329495 7.48
AW 3278.77 7.44
LAGEOS At 32.00 0.72 x 107!
Total 3310.77 7.51

o, 4€ O =|= M » The GR precession is about 5 orders of magnitude smallg@s "
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Fit to the pericenter residuals:

Post data reduction analysis 13-yr analysis of the LAGEI3SI1lorbit (FIT) LANASE

LASERRANGEDSATELLITESEXPERIMENT
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We obtained b @ 3294.6 mas/yr, very close to the
prediction of GR

The discrepancyis just 0.01 %

From a sensitivity analysis, with constraints on some of
the parameters that enter into the least squares fit, we
obtained an upper bound of 0.2%
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Theoverallerror budget
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PHYSICAL REVIEW D 89, 082002 (2014)

TABLE XVII.  Error budget of the LAGEOS II pericenter general relativity shift. Top: summary of the errors from the data reduction
and the a posteriori best fit (see Sections VI and VII). Middle: summary of the systematic errors from the gravitational perturbations (see
Section VIII). Bottom: summary of the systematic errors from the nongravitational perturbations (see Section 1X).

Statistical errors

Residuals Mean Standard deviation
Range 9.67 cm 3.88 cm
Pericenter 4.57 mas 1.87 mas
Adjusted R2 0.998

Reduced y? test 0.14

e —1=(-0.12£2.10) x 1073

Systematic errors: gravitational perturbations

Error source Error value (% A@F) Total not correlated (% A@E")

Even zonal harmonics
Odd zonal harmonics
Tides (solid + ocean)

Secular trends (# = even)

Seasonal-like effects

2.45
4.10 x 1072
248 x 1072
3.30 x 1072

0.24

Systematic errors: nongravitational perturbations

Error source

Error value (% A®f)

Total not correlated (% A"

Direct solar radiation 0.50

Earth’s albedo 0.39

Thermal thrusts 0.09 0.64
Drag (neutral 4 charged) negligible

Total not correlated 2.54

€ —1=4254x%1072
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Theoverallerror budget
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TABLE XVII.  Error budget of the LAGEOS II pericenter general relativity shift. Top: summary of the errors from the data reduction
and the a posteriori best fit (see Sections VI and VII). Middle: summary of the systematic errors from the gravitational perturbations (see
Section VIII). Bottom: summary of the systematic errors from the nongravitational perturbations (see Section 1X).

Statistical errors

Residuals
Range
Pericenter
Adjusted R2
Reduced y? test

sta _

Mean
9.67 cm
4.57 mas

0.998

0.14

1 =(=0.1242.10) x 1073

Standard deviation
3.88 cm
1.87 mas

Systematic errors: gravitational perturbations
Error source

Even zonal harmonics

Odd zonal harmonics

Tides (solid + ocean)

Secular trends (£ = even)

Seasonal-like effects

Error value (% A@F)

245 (GE—

4.10 x 1072

248 x 1072

3.30 x 1072
0.24

Total not correlated (% Arj;ﬁﬂ)

Systematic errors: nongravitational perturbations

Error source

Direct solar radiation
Earth’s albedo

Thermal thrusts

Drag (neutral 4 charged)

Error value (% A®f)
0.50
0.39
0.09
negligible

rel

Total not correlated (% Adff)

0.64

7~ N\

Total not correlated

€ —1=4254x%1072
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Summary of the constraints obtained

TABLE XVIII. Summary of the results obtained in the present work: together with the measurement error budget, the constraints on
fundamental physics are listed and compared with the literature.

Parameter Values and uncertainties (this study) Uncertainties (literature) Remarks

€y — 1 —1.2x107#£2.10x 1073 £2.54 x 1072 S Error budget of the perigee precession
measurement in the field of the Earth

Illir—ﬁl _ 1  —12x107*+2.10x1073+2.54 %102 +(1.0 x 1073) £ (2 x 1072)*  Constraint on the combination

' of PPN parameters

|| <|0.5+8.0+101| x 10712 41 x 10-%° Constraint on a possible (Yukawa-like)
NLRI

Coraceosn < (0.003 km)* = (0.036 km)* = (0.092km)*  £(0.16 km)*‘; £(0.087 km)*® Constraint on a possible NSGT

121, + 13 <35x107*+62 x 1072 £ 749 x 1072 3 x 1073 Constraint on torsion

“From the preliminary estimate of the systematic errors of [166] for the perihelion precession of Mercury.
°From [167] with Lunar-LAGEOS GM measurements.

“From [5] and based on a partial estimate for the systematic errors.

%From [7] and based on the analysis of the systematic errors only.

“From [168] with no estimate for the systematic errors.
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Summary of the constraints obtained

TABLE XVIIL  Summary of the results obtained in the present work; together with the measurement error budget, the constraints on
fundamental physics are listed and compared with the literature.

Parameter Values and uncertainties (this study) Uncertainties (literature) Remarks
€, 1 ~1.2x107#+£2.10x 107 £2.54 x 107 Error budget of the perigee precession
meacnrement_in_the field of the Farth
24 ir-ﬁ\ 1 =L2x1074£210% 1073 4254x1072 £(1.0x 107) £ (2% 1072)*  Constraint on the combination
- A BT N
o <[0.5 £ 8.0+ 101] x 1012 L1 x 107 Constraint on a possible (Yukawa-like)

NLRI
Coracrosn < (0.003km)* £ (0.036 km)*+(0.092km)*  +(0.16 km)*; +£(0.087 km)** Constraint on a possible NSGT
245 B5x107462x107° £749 x 1072 3x 107 Constraint on forsion

“From the preliminary estimate of the systematic eors of [166] for the perihelion precession of Mercury.
"From [167] with Lunar-LAGEOS GM measurements.

“From [5] and based on a partial estimate for the systematic errors.

®rom [7) and based on the analysis of the systematic errors only.

“From [168] with no estimate for the systematic errors.

[166] I.I. Shapiro,in GeneralRelativityand Gravitation,1989, edited by

I

Combination of PPN Parameters

_"JJéJ

T

A 1

(©f 4 Prms m)

¢r 1|

N. Ashby, D. E Bartlett, and W. Wyss (CambridgeUniversity Press,

Cambridgel1990), p. 313

P PREP T CRTEP T CBE T

0)

Thisresult canbe comparedwith the measurement
by Shapiroand collaboratorsof a S NJO dadiBelioh
advance determinedby the radarrangingtechnique
based on the measurement of the echo delay
between the Earth and Mercury in the period
between1966and 1990
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Summary of the constraints obtained

TABLE XVIIL  Summary of the results obtained in the present work; together with the measurement error budget, the constraints on
fundamental physics are listed and compared with the literature.

Parameter Values and uncertainties (this study) Uncertainties (literature) Remarks

€= | ~12x107*4£2.10x 10~ £2.54 x 102

Error budget of the perigee precession
measurement in the field of the Earth
4 ir-ﬁ\ 1 =L2x1074£210% 1073 4254x1072 £(1.0x 107) £ (2% 1072)*  Constraint on the combination

of PPN narameters

a <[0.5 4804 101] x 107" +1x 10 Constraint on a possible (Yukawa-like)
NLRI

Coracrosn < (0.003km)* £ (0.036 km)*+(0.092km)*  +(0.16 km)*; +£(0.087 km)** Constraint on a possible NSGT

245 B5x107462x107° £749 x 1072 3x 107 Constraint on forsion

“From the preliminary estimate of the systematic eors of [166] for the perihelion precession of Mercury.
"From [167] with Lunar-LAGEOS GM measurements.

“From [5] and based on a partial estimate for the systematic errors.

®rom [7) and based on the analysis of the systematic errors only.

“From [168] with no estimate for the systematic errors.
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Aswe have described,this type of parameterization,at the lowest interaction order and in the non-relativistic limit, is
compatiblewith many metric theories of gravitation and with modern theories of physicsregardlessof the additional

fieldsthey consider Scalar,TensorandVectorfields
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Violation of 1/r? law: Yukawalike potential
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Violation of 1/r*2 law: Yukawalike potential
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Reference: Coy, Fischbach, Hellings, Standish, & Talmadge (200
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Constraints on a long-range force: Yukawa like interaction
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Reference: Coy, Fischbach, Hellings, Standish, & Talmadge (2003)
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Constraints on a long-range force: Yukawa like interaction 1l ADACL
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Constraints on a long-range force: Yukawa like interaction 1l ADACL
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