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LARES
(LAser RElativity Satellite)

LARES was :@mw% Ialunugmejd a_m |
vany accuncdédly impatédd imt nom
orpit om ttiecl3 3™ of Februsyy 2012 with
tinee new launatinigg venalée of ESA/ASII
buwitt by AVIQ AW .







LARES

ORBITAL ELEMENTS and
PARAMETERS
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~ Semimagor axs: /B2RKkkm

Eccenitridity neantyy zerm .00QWO 7
Imctivasition 6935 degyesss

Weigltit 387 kg

Radius 182 cmm

Materrda| Solic spiveree of Tumgmgean alllay

Covenestd witth 92 rettpo-reffeatbos's
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LARES

(LAser RElativity Satellite)
ltalian Space Agency

~n LARES is tie=lesst tesit-panttitde far
grawidboimadal studiéss ever madtke andi
ava ifde to resemchiess s, S Crass-
seciionad |- to- nmeEsss- raitoo is almusst 3 timess
smadléer e et of LAGEOS

~» Combimeed wiith thee LAAGEHEISSaandd AGEO0S 2

oriniéa| datta LIAMES wauld provige a
comnffinmaadion of Einstezin Gemenzal Relatiintity,
tine> e ueeraeint of framee-dragpyigg witth
accuneayy of aboutt 1%.




USING THE 3
OBSERVABLES
PROVIDED BY THE
3 NODES OF
LAGEOS , LAGEOS 2
AND LARES WE
ELIMINATE THE 2
UNCERTAINTIES
DUE TO J2 AND J4
AND MEASURE
FRAME -DRAGGING

LAGEOS orbital plane LAGEOS

Size of largest
error source due to dJy

T

Lense-Thirring drag

Earth spherical harmonic Ju
(degree 4 and order 0)




~ Simze tihee main emar sounaee witth tihee
LAGEOQOS testts is givaan by tine
umeestdainty imthiee valiee of J4, that
cam be as lamge as 10 %o of framnse-
dragpgiag, by elimiaationg theel’d4 emar
we cam achnmie a nmezsueerment of
fraanee-draopgigg with am emayr of
abouit ome percamt omy (emwor due to
higirezr degrese hamoordes J6, I8,
etc)).
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DRAGGING OF INERTIAL FRAMES
(FRAME-DRAGGING as Einstein named it in
1913)

» Tiheeldodaldnertanhfsames
aleedda@ggbd bysmass-
erneggyuoenients: € ul
GUB = yHHR &=

= XK (e[+4$) u uP +ppyg°F]

~ [tpidsy s &eyeyplearenighigh
ewagmmics Thirring 1918
(IK@THTIBEMC) Braginsky, Cavesand Thorne 1977

Thorne 1986
[.C. 1994-2001



GRAVIIOMAGNE TISM: Trame-dragging IS aiso
called gravitomagnetism for its formal analogy with
electrodynamics

» [Im eledtoodgyaarcscs a, m General Relativity a

maggredtic neadiée IS
chamgingg its
orngridgdbion because
of tinee mmesggreditic fiedtd

aindl thiee mmaggTedtic
fidttd Is gemzeadédd by
eledtiic cumeatgs.

gynssoppe IS chamging
its onmmidation (framee-
dragging) becalse of
tihe gravitoraggrietic
fidtd amd thiee
graviboraggrietic fidld is
gemzeaédd by mMmEss
cumezitds, such as tine
Eartth ratatiory (Eartth
amgudar mmnwutmm/))



THE WEAK-FIELD AND SLOW MOTION
ANALOGY WITH ELECTRODYNAMICS

Gravitomagnetic Field in General Relativity

h H

From wealk field and slow motion limit of G= ¢ T: Electromagnetism
A h’(]i >~ 167 2 v Lorentz gauge AA = —%‘T j

where h = (hg1, hg2 , hos) is the gravitomagnetic potential

hoi (x) = — 4 [ 2XWE) poy

| —=x'|

Ax) = L[ 30 gy

B

h(x) & -2 2% Ax) = mxx

The gravitomagnetic field is:

H=Vxh§2[u“‘*|%] B=VxA®%
a 3% {(km)—m
From weak field and slow motion limit of D u=0: - |x|®
2 2
miF =m(G+ & x H) ‘mﬁt;‘=q(E+%xB)
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local
mertial frames

Fz(%S-V)H rElsxH=E2=0x5§
5 1 _ =J+3{J-%)%
=l ME

Dragging of inertial frames:
Mach principle in general relativity

GRAVITATION AND INERTIA
I.C. and J.A. Wheleer -1995
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On ttiee bass of ounr 2004-200M0 mMmeresuesrarists of framee-
dragpyingg, usimy theIMGEDS satsdliiées, im22088,

Smith, Erniciaadk, Caldwetll amdl Kamaokosiski (Phys. Rew. D
77,02268104,502808) have besn abke to plece limiss om Sonee
possiide low-enengyy comszpueenees of strinyg thexpyy tnedt
may be rakted to dank emegyy amdl quiriesssanee.

See alsn: S AMderxacheiendrid N. Yunes RChem-Simon
Modifféeld Genered/ Relathivttyd, Physics:Reports;syolume480i80,
2009, p. 1-55.

T. lffton, P.Femaiaa, A. Padilka amdl . Skanctiss, “Modifféed
Grawtyy and/ Cosmudoyyyd



SOME EXPERIMENTAL ATTEMPTS AND
MEASUREMENTS OF FRAME-DRAGGING
AND GRAVITOMAGNETISM

1B 65 Beredict mdaDnenhiaiiel ARIEDLANDER
(coatsidie badane® néana theavy flying-wieegl)
19044 AuguSYHFO PPAt( Earth-rotadicrifeffect gyn@aagpedscope)
19560 DE I SIHT ERi{shiftriotperdhétion ofuMdérSunydaieto Sun rotation)
19 88: HNENSE\AN B I RRIRRING (jp&eta cbb &t dive of diise M opatshofsodsrbgyistem planets by th
planetrgnigulamerdmentum)
1959: Yiimaz (satelitesiopolay orbit)
»  19P26: Grxrani-Braakelell-Van Patten-Evaititt
((twoanon-passsiv eoccoenter-totbtirmg isitel litps dnopuiarvenbékpansieeye eepensive experiment
19605 Sdhiff-Faipbank-Evaittitt ((Eavthriorbitinggypescopes)
dlfg?-g:)(:misi and Proeerbio, on BAGEO SNy (hawevery wedngeate for frame-
ggmg
x  1984-1986: [(C.: USE TFTHE\NODES OF TIWWQAAGEDS SATELLITES
(tweusnpplemaentaineincliestion |gsassings daseltitshged satellites)
» 1988 : Nordbdedt (Astrpphygsical evidessce from pEidssiron
r@dte of binary pudsar)
1965-2007:A.C. et al.((obs. & meEaseremients-2004-using LAGEDSandAKGEGEOS-I])

1988SSomme astrophysical evidessce from acceétion disks of biatck hades and nedatron
sttas's

Eviderxce of Gransiatidnall Gravitoapagnetism from Lunar Laser Ranging
2004 aunch of Gravity Prbdbe B

201 1-GP-B m=siliits

2022 LARES



QL DeSiT = 6 6 aresecsyT

Telescope

€2 T = 0.042 arcsec/yr



RROR: A WORK IN PROGRESS

G.M. Keiser, and J. Turneaure

IBRERESER WA EF/

Quantifying the Error

nsitivity Analysis
tentionally degrade data for one parameter
erform full mission analysis with degraded data

Gyro Torques (I)

Misalignment torque: Torque proportional to angle subtended by SV
roll axis and gyro spin axis
Cause: Interaction of patch fields on rotor and casing

Current Limits on

Experiment Error

Current Error

ompare degraded relativity result to original . Measured drift rate vs. Error Source Mitiga
;Ference provides experiment error for parameter Induced drift rate ~0.1 to 1.0 arcsec/yr __ misalignment (marcsec/yr)
Require > 99 % removal for 107 arcsec/yr 5
ro to gyro consistency 3
: ; . Lo L g Current error Impro
nshpncy increases confidence in result Misalignment torque: direction is know = includi d
ompning cgnsistent results decreases error Mitigation: ph itive detedti s iheliding 100 moes
(ross check: Calibration signal amplitude ltigation: phase sensitive detecion s resonance
T n measure relativity in orthogonal direction : observation
B Id COﬂﬁdence PR ': 1-: 1—:1 1— i —-—1— j - Misalignment {degreas)
aferee SprLLUL L1 : po s 3
emparmetens & = [ 1y 4 4 4 + | | Enorin resulting mitigated drift: Dat
Sz [ W[ Uncertainty in torque direction: gives 4 marcsec/yr EMI effects gradin
Changing amplitudes of misalignment, torque coefficient 5 nois
Measuredzb nift i Radial component of Measured Drift remo
50 {
1 3
g os * i Misalignment Impro
£ g 4 patch-effect 4 misali
2 o5 . torque met
- " mod
-100 ] 100
South Misalignment Angle (degrees) Polhode Trap}:
frequency error 2.5 flu




GRAVITY PROBE B

was launched in 2004

~ Aftegr theeddéda collexttoon (for a few
mariblss aftezrr e lawrath) @P-B hadi
sysernastic emass for ovar 30D%%o of
e framee-dranpging effiexntt.

On 4 May 2Z201], aftezr ovar 5 yesnss of
datta andiyssss, tiny ammouncedd a
meEsueeraent of fraeamee-diraypgigg with
am emar of abautt 19 %o.
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QL DeSIr = 6 6 aresecsyT

Telescope  Gyrascope

Q2 Timy = 0.042 arcsec/yr _
|.C.-Phys.Rev.Lett, 1986\

Usethe NODESof two
LAGEOQOS satellites the orbital plane of these

satellitesis a huge gyroscopeaffected by
frame-dragging. This is calledthe Lense Thirring

effect
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Astrophysics and Space Sdence Library 367

Ignazio Ciufolini
Richard A. Mataer
General Relativity and John Archibald Wheeler

Observational and experimental data pertaining to gravity and cosmology
are changing our view of the Universe. General relativity is a fundamental
keyfor the understanding of these observations and its theoryis undergoing
a continuing enhancement of its intersection with observational and
experimental data. These data include direct observations and experiments
carried out in our solar system, among which there are direct gravitational
wave astronomy, frame dragging and tests of gravitational theories from
solar system and spacecraft observations.

This book explores John Archibald Wheelers seminal and enduring
contributions in relativistic astrophysics and includes: the General Theory
of Relativity and Wheeler’s influence; recent developments in the con-
frontation of relativity with experiments; the theory describing gravitational
radiation, and its detection in Rarth-based and space-based interferometer
detectors as well as in Earth-based bar detectors; the mathematical de-
scription of the initial value problem in relativity and applications to
modeling gravitational wave sources via computational relativity; the
phenomenon of frame dragging and its measurement by satellite observa-
tions. All of these areas were of direct interest to Professor John A. Wheeler
and were seminally influenced by his ideas.
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Satellite Laser Ranging




EVEN ZONAL HARMONICS
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eliminate the
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IC, PRL 1986:
Use of the
nodes of two
laserranged
satellites to
measure the
LenseThirring
effect



