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INVARIANT CHARACTERIZATION of INVARIANT CHARACTERIZATION of 
GRAVITOMAGNETISMGRAVITOMAGNETISM

By explicit By explicit spacetimespacetime invariants built with the Riemann invariants built with the Riemann 
tensor:tensor:

I.C. 1994I.C. 1994
I.C. and I.C. and WheelerWheeler 1995:1995:
forfor the the KerrKerr metricmetric::
½ ½ eeabsrabsr RRsrsr

mnmn RRabmnabmn = 1536 = 1536 JJ M cosM cosq (q (rr55rr--66 -- rr33rr--55 + + 3/163/16 r r rr--44))
In weakIn weak--field and slowfield and slow--motion:motion:
*R · R = 288 (J M)/r*R · R = 288 (J M)/r77 coscosθθ + · · · + · · · 
J = J = aaMM = angular momentum= angular momentum

This gravitomagnetic invariant is null on the ecliptic plane and 
substantially null on the Moon orbit: I.C. arXiv:0809.3219v1 [gr-qc] 
18 Sep 2008



SOME EXPERIMENTAL ATTEMPTS TO SOME EXPERIMENTAL ATTEMPTS TO 
MEASURE FRAMEMEASURE FRAME--DRAGGING AND DRAGGING AND 

GRAVITOMAGNETISMGRAVITOMAGNETISM
1896: Benedict and Immanuel FRIEDLANDER1896: Benedict and Immanuel FRIEDLANDER

(torsion balance near a heavy flying(torsion balance near a heavy flying--wheel)wheel)
1904: August FOPPL (Earth1904: August FOPPL (Earth--rotation effect on a gyroscope)rotation effect on a gyroscope)
1916: DE SITTER (shift of perihelion of Mercury due to Sun rotat1916: DE SITTER (shift of perihelion of Mercury due to Sun rotation)ion)
1918: LENSE AND THIRRING (perturbations of the Moons of solar sy1918: LENSE AND THIRRING (perturbations of the Moons of solar system stem 
planets by the planet angular momentum)planets by the planet angular momentum)
1959: 1959: Yilmaz  Yilmaz  (satellites in polar orbit)(satellites in polar orbit)
1976: Van Patten1976: Van Patten--EverittEveritt
(two non(two non--passive counterpassive counter--rotating satellites in polar orbit: a very expensive rotating satellites in polar orbit: a very expensive 
experiment)experiment)
1960: Schiff1960: Schiff--FairbankFairbank--Everitt  Everitt  (Earth orbiting gyroscopes)(Earth orbiting gyroscopes)
19771977--78: 78: CugusiCugusi and and ProverbioProverbio, on LAGEOS only (however, wrong rate for , on LAGEOS only (however, wrong rate for 
frameframe--dragging)dragging)
1986: I.C.: 1986: I.C.: USE THE NODES OF TWO LAGEOS SATELLITESUSE THE NODES OF TWO LAGEOS SATELLITES
(two supplementary inclination, passive, laser ranged satell(two supplementary inclination, passive, laser ranged satellites)ites)
1988 : 1988 : NordtvedtNordtvedt ((AstrophysicalAstrophysical evidenceevidence fromfrom periastronperiastron

rate of rate of binarybinary pulsar)pulsar)
19951995--2007: I.C. 2007: I.C. etet al. (al. (obsobs. & . & measurements usingmeasurements using LAGEOS and LAGEOSLAGEOS and LAGEOS--II)II)
1998: Some 1998: Some astrophysicalastrophysical evidenceevidence fromfrom accretionaccretion disksdisks of black of black holesholes and and 
neutronneutron starsstars, LLR , LLR observationsobservations
2004 2004 launch launch of of GravityGravity Probe BProbe B
2009 LARES2009 LARES



GRAVITY 
PROBE B

Some serious problems with the GP-B data analysis have been recently 
outlined, see, for example Prof. O’Connel : 
http://www.phys.lsu.edu/faculty/oconnell/oconnell_pubs.html
(pub. number 307)
R. F. O'Connell, "Gravito-Magnetism in one-body and two-body systems: 
Theory and Experiment", in, "Atom Optics and Space Physics", Proc. of Course 
CLXVIII of the International School of Physics "Enrico Fermi", Varenna, Italy, 
2007, ed. E. Arimondo, W. Ertmer and W. Schleich, to be published; and
G. Forst 2008: http://arxiv.org/PS_cache/arxiv/pdf/0712/0712.3934v1.pdf

http://www.phys.lsu.edu/faculty/oconnell/oconnell_pubs.html
http://www.phys.lsu.edu/faculty/oconnell/oconnell_pubs.html
http://arxiv.org/PS_cache/arxiv/pdf/0712/0712.3934v1.pdf




IC, PRL 1986: 
Use of the
nodes of two 
laser-ranged 
satellites to
measure the
Lense-Thirring
effect

LAGEOS III:
in 1989 proposed by 
CSR-UT, CfR-UT and 
CNR-Rome to NASA 
and ASI and 
LARES: 
proposed to ASI in 
1998 by Univ.
of Rome and CNR



I.C.-Phys.Rev.Lett., 1986:
Use the NODES of two 
LAGEOS satellites.



l=3, m=1



MAIN COLLABORATION
I.C.–LARES Principal Investigator
•University of Salento and 
INFN
A. Paolozzi
•“Sapienza” University of 
Roma and INFN
•LNF-INFN
E. Pavlis 
•University of Maryland BC
•NASA-Goddard
•University of Texas at
Austin
•GFZ-Potsdam/Munich 
•AstroSpace Center of
Lebedev Phys. Inst.-Moscow

LARES



LageosLageos II: 1992II: 1992However, NO LAGEOS
satellite with supplementary
inclination to LAGEOS
has ever been launched.
Nevertheless, LAGEOS II
was launched in 1992.



IC IJMPA 1989: 
Analysis of the orbital
perturbations affecting
the nodes of 
LAGEOS-type
satellites

(1) Use two LAGEOS 
satellites with 
supplementary
inclinations

OR:



Use n satellites of
LAGEOS-type
to measure the first
n-1 even zonal
harmonics: J2, J4, …
and the Lense-Thirring
effect



IC 
Nuovo Cimento A 
1996



1996 1996 observationsobservations usedused thethe EGMEGM--96 GRAVITY MODEL96 GRAVITY MODEL



2002

Use of GRACE to test Lense-Thirring at a few percent level:
J. Ries et al. 2003 (1999),E. Pavlis 2002 (2000) 



EIGEN-GRACE-S (GFZ 2004)









Observed value of 
Lense-Thirring effect using
The combination of the 
LAGEOS nodes. 

Observed value of 
Lense-Thirring effect = 99% 
of the general relativistic
prediction. Fit of linear trend 
plus 6 known frequencies

General relativistic 
Prediction = 48.2 mas/yr

I.C. & E.Pavlis, 
Letters to NATURE,
431, 958, 2004.



•Let us use the GFZ German orbital estimator EPOS
(independent of GEODYN)

IC (Univ. Lecce), E. Pavlis (Univ Maryland Baltimore County),
R. Koenig and Neumayer (GFZ Munich/Potsdam), 
G. Sindoni and A. Paolozzi (Univ. Roma I), 
R. Matzner (Univ. Texas, Austin)

Using GEODYN (NASA) and EPOS (GFZ)



NEW 2006-2007 ANALYSIS OF THE 
LAGEOS ORBITS USING THE 
GFZ ORBITAL ESTIMATOR EPOS

OLD 2004 ANALYSIS OF THE 
LAGEOS ORBITS USING THE 
NASA ORBITAL ESTIMATOR 
GEODYN

*by adding the geodetic
precession of the orbital
plane of an Earth satellite
in the EPOS orbital estimator.



Comparison of
Lense-Thirring 
effect measured 
using different 
Earth gravity 
field models





LARESLARES
WeightWeight aboutabout 400 kg400 kg
RadiusRadius aboutabout 18 cm18 cm
Material Material SolidSolid spheresphere of of TungstenTungsten alloyalloy
Semimajor Semimajor AxisAxis aboutabout 7900 km7900 km
EccentricityEccentricity nearlynearly zerozero
InclinationInclination aboutabout 71.5 71.5 degreesdegrees
CombinedCombined withwith LAGEOS and LAGEOS 2LAGEOS and LAGEOS 2
data data itit wouldwould provideprovide a a measurementmeasurement ofof
frameframe--draggingdragging withwith accuracyaccuracy of the of the orderorder
of 1 %of 1 %















GRAVITATIONAL ERRORS
Using the Earth gravitational model EIGEN-GRACE02S (February 2004),
based on 111 days of GRACE observations, i.e., propagating the
uncertainties of EIGEN-GRACE02S published by GFZ Potsdam on the 
nodes of LAGEOS, LAGEOS 2 and LARES and their combination, we find 
a total error of 1.4 %.

. 

In particular we have calculated the error induced by the uncertainty 
of each even zonal harmonic up to degree 70: after degree 26 the 
error is negligible.

By the time of the LARES data 
analysis (2012-2015) we can 
assume an improvement in the 
GRACE Earth gravity field models
of about one order of magnitude,
thanks to much longer GRACE
observations with respect to 111
days of EIGEN-GRACE02S and also 
to GOCE (2008).



GRAVITATIONAL ERRORS
Standard technique in space geodesy to estimate the reliability of the published 
uncertainties of an Earth gravity model: take the difference between each harmonic
coefficient of that model with the same harmonic coefficient of a diffeernt model 
and compare this difference with the published uncertainties. Let us take difference
between each harmonic of the EIGEN-GRACE02S (GFZ Potsdam) model minus the 
same harmonic in the GGM02S (CSR Austin) model. CAVEAT: in order to use this 
technique, one must difference models of comparable accuracy, i.e., models that are 
indeed comparable, or use this method to only only evaluate the less accurate model!

In Blue: percent errors
in the measurement of
the Lense-Thirring effect
for EIGEN-GRACE02S
for each even zonal

In Red: percent errors
in the measurement of
the Lense-Thirring effect
using the difference
between EIGEN-GRACE02S
and GGM02S for each 
even zonal



GRAVITATIONAL ERRORS
In Green: percent errors
in the measurement of
the Lense-Thirring effect
for GGM02S for each even 
Zonal harmonic

In Red: percent errors
in the measurement of
the Lense-Thirring effect
Using the difference
between EIGEN-GRACE02S
and GGM02S for each 
even zonal harmonic

By the time of the LARES data analysis (2012-2015) we can assume an 
improvement in the GRACE Earth gravity field models of about one order 
of magnitude, thanks to much longer GRACE observations with respect 
to 111 days of EIGEN-GRACE02S and also to GOCE (2008).



I.C. & E.Pavlis, 
Letters to NATURE,
21 October, 2004.

I.C., E.Pavlis and R.Peron,, 
New Astronomy
2006.
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